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PREFACE.

To prevent a possible misapprehension in scientific quar-

ters, the author desires it understood that the present work
is not designed either to instruct the professional investi-

gator or to train the special student of astronomy. Its main
object is to present the general reading public with a con-'

densed view of the history, methods, and results of astro-

nomical research, especially in those fields which are of most
popular and philosophic interest at the present day, couched

in such language as to be intelligible without mathematical

study. He hopes that the earlier chapters will, for the most
part, be readily understood by any one having clear geomet-

rical ideas, and that the later ones will be intelligible to all.

To diminish the difficulty which the reader may encounter

from the unavoidable occasional use of technical terms, a

Glossary has been added, including, it is believed, all that

are used in the present work, as well as a number of others

which may be met with elsewhere.

Eespectiiig the general scope of the work, it may be said

that the historic and philosophic sides of the subject have

been treated with greater fulness than is usual in works of

this character, while the purely technical side has been pro-

portionately condensed. Of the four parts into which it is

divided, the first two treat of the methods by which the mo-
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tions and the mutual relations of the heavenly bodies have
been investigated, and of the results of such investigation,

while in the last two the individual peculiarities of those
bodies are considered in greater detail. The subject of the

general structure and probable development of the universe,

which, in strictness, might be considered as belonging to the
first part, is, of necessity, treated last of all, because it re-

quires all the light that can be thrown upon it from every
available source. Matter admitting of pr'^sentation in tabular

form has, for the most part, been collected in the Appendix,
where will be found a number of brief articles for the use

of both the general reader and the amateur astronomer.

The author has to acknowledge the honor done him by
several eminent astronomers in making his work more com-
plete and interesting by their contributions. Owing to the

great interest which now attaches to the question of the con-

stitution of the sun, and the rapidity with which our knowl-

edge in this direction is advancing, it was deemed desirable

to present the latest views of the most distinguished investi-

gators of tJiis subject from their own pens. Four of these

gentlemen—Eev. Father Secchi, of Home ; M. Faye, of Paris

;

Professor Young, of Dartmouth College ; and Professor Lang-

ley, of Allegheny Observatory—have, at the author's request,

presented brief expositions of their theories, which will be

found in their own language in the chapter on the sun.



PKEFACE
TO THE SIXTH EDITION.

The favor with which this work has been received by the

public has led the author and publishers to give it a fifth re-

vision, in order to include the latest i-esults of astronomical

i-esearch. The subjects Avhich were added in preceding edi-

tions comprised Dr. Draper's investigations on the existence

of oxygen in the sun
; Janssen's new method of photographing

the sun; tlie conclusions from recent total eclipses; the pre-

liminary results of the British observations of the late transit

of Venus, as well as of other methods of determining the

solar parallax; the discovery of the satellites of Mars; the

transit of Venus of December 6tli, 1882 ; recent developments

in conietary astronomy; and Professor Langley's researches

on the light and heat radiated by the sun. The completion

of several of the greatest telescopes ever made, including that

of the Lick observatory in California, has now to be chroni-

cled, new results for the parallaxes of the sun and stars to

be added, and a number of additions and modifications to be

made as the result of recent researclies. The intention has

been to bring the work up to date in all important points, and
it is now hoped that the general reader will find in it the

fullest practicable explanation of every branch of the subject

which can interest him.

WAsmNGTON, October, 1887.
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POPULAR ASTROlfOMY.

FABT I.— TIIE SYSTEM OF TEE WORLD
HISTORICALLY DEVELOPED.

INTEODUCTION.

Astronomy is the most ancient of the physical sciences, be
ing distinguished among them by its slow and progressive

development from the earliest ages until the present time.

In no other science has each generation which advanced it

been so much indebted to its predecessors for both the facts

and the ideas necessary to make the advance. The conception

of a globular and moving earth pursuing her course through
the celestial spaces among her sister planets, which we see as

stars, is one to the entire evolution of which no one mind and
no one age can lay claim. It was the result of a gradual
process of education, of which the subject was not an indi-

vidual, but the human race. The great astronomers of all

ages have built upon foundations laid by their predecessors

;

and when we attempt to search out the first founder, we find

ourselves lost in the mists of antiquity. The theory of uni-

versal gravitation was founded by Newton upon the laws of

Kepler, the observations and measurements of his French con-

temporaries, and the geometry of Apollonius. Kepler used
as his material the observations of Tycho Brahe, and built

upon the theory of Copernicus. When we seek the origin of

the instruments used by Tycho, we soon find ourselves among

iilll
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the medisLM-al Arabs. The discovery of the true system of
the world by Copernicus was only possible by a careful study
ot the laws of apparent motion of the planets as expressed in
the epicycles of Ptolemy and Ilipparchus. Indeed, the more

i carefully one studies the great work of Copernicus, the more
surprised he will be to find how completely Ptolemy furnished
him both ideas and material. If we seek the teachers and
predecessors of Ilipparchus, we find only the shadowy forms
of Egyptian and Babylonian priests, whose names and writino-s
are all entirely lost. In the earliest historic ages, men knew
that the earth was round ; that the sun appeai-ed to make an
annual revolution among the stars; and that eclipses were
caused by the moon entering the shadow of the earth, or the
earth that of the moon.
-Indeed, each of the great civilizations of the ancient world

seems to have had its own system of astronomy strongly
inarked by the peculiar character of the people among whom
It was found. Several events recorded in the annals of China
show that the movements of the snn and the laws of eclipses
were studied in that country at a very early age. Some of
these events m.ist be entirely mythical ; as,'for instance, the
despatch of astronomers to the four points of the compass for
the purpose of determining the equinoxes and solstices. But
there is another event which, even if we place it in the same
category, must be regarded as indicating a considerable amount
ot astronomical knowledge among the ancient Chinese We
refer to the tragic fate of Hi and Ho, astronomers royal to one
of the ancient emperoi-s of that people. It was part of the
duty of these men to carefully study the heavenly movements,
and give timely warning of the approach of an eclipse or other
remarkable phenomenon. But, neglecting this duty, they gave
themselves up to drunkenness and riotous living. In conse-
quence, an eclipse of the sun occurred without any notice beino.
given

;
the religious rites due in such a case were not performed''

and China was exposed to the anger of the gods. To appease
their wrath, the unworthy astronomers were seized and sum-
manly executed by royal command. Some historians havo
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gone so far as to fix the date of this occurrence, which is vari-

ously placed at from 2128 to 2159 yeare before the Christian
era. If this is correct, it is the earliest of which profane his-

tory has left us any record.

In the Hindoo astronomy we see the peculiarities of the
contemplative Hindoo mind strongly reflected. Here the
imagination revels in periods of time which, by comparison,
dwarf even the measures of the celestial spaces made by mod-
ern astronomei-s. In this, and in perhaps other ancient sys-l

terns, we find references to a supposed conjunction of all the
planets 3102 years before the Christian era. Although we
have every reason for believing that this conjunction was
learned, not from any actual record of it, but by calculating

back the position of the planets, yet the very fact that they
were able to make this calculation shows that the motions of
the planets must have been observed and recorded during
many generations, either by the Hindoos themselves, or some
other people from whom they acquired their knowledge. As
a matter of fact, we now know from our modern tables that

this conjunction was very far from being exact ; but its error

could not be certainly detected by the rude observations of the

times in question.

Among a people so prone as the ancient Greeks to speculate

upon the origin and nature of things, while neglecting the ob-

servation of natural phenomena, we cannot expect to find any-
thing that can be considered a system of astronomy. But there

are some ideas attributed to Pythagoras which are so frequent-

ly alluded to, and so closely connected with the astronomy of

a subsequent age, that we may give them a passing mention.

He is said to have taught that the heavenly bodies were set

in a number of crystalline spheres, in the common centre 6i

which the earth was placed. In the outer of these spheres

were set the thousands of fixed stars which stud the firma-

ment, while each of the seven planets had its own sphere. The
transparency of each crystal sphere was perfect, so that the

bodies set in each of the outer spheres were visible through
all the inner ones. These spheres all rolled round on each
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Other in a daily revolution, thus causing the rising and setting
of the heavenly bodies. This rolling of the spheres on each
other made a celestial music, the "music of the spheres,"
which filled the finiiament, but was of too elevated a char-
acter to be heard by the ears of mortals.

It must be admitted that the idea of the stars being set in a
hollow sphere of crystal, forming the vault of the firmament,
was a very natural one. They seemed to revolve around the
earth every day, for generation after generation, without the
slightest change in their relative positions. If there were no
solid connection between them, it does not seem possible that
a thousand bodies could move around their vast circuit for
such long periods of time without a single one of them vary-
ing its distance from one of the others. It is especially diffi-

cult to conceive how they could all move around the same
axis. But when they are all set in a solid sphere, every one is

made secure in its place. The planets could not be set in the
same sphere, because they change their positions among the
stars. This idea of the spl.ericity of the heavens held on to
the minds of men with remarkable tenacity. The funda-
mental proposition of the system, both of Ptolemy and Coper-
nicus, was that the universe is spherical, the latter seeking to
prove the naturalness of the spherical form by the analogy
of a drop of water, although the theory served him no pur-
pose whatever. Faint traces of the idea are seen here and
there in Kepler, with whom it vanished from the mind of the
race, as the image of Santa Claus disappears from the mind of
the growing child.

Pythagoras is also said to have taught in his esoteric lect-
ures that the sun was the real centre of the celestial move-
ments, and that the earth and planets moved around it, and it

is this anticipation of the Copernican system which constitutes
his greatest gloiy. But he never thought proper to make a
public avowal of this doctrine, and even presented it to his
disciples somewhat in the form of an hypothesis. It must
also be admitted that the accounts of his system which have
reached us are so vague and so filled with metaphysical specu-
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lation that it is qucstionablo whether the frequent application

of Ills name to the modern system is not more pedantic than
justifiable.

The CJreek astronomers of a later ago not only rejected the

vague speculations of their ancestors, but proved themselves

the most careful observere of their time, and lire made astron-

omy worthy the name of a science. From this Greek astrono-

my the astronomy of our own time may be considered as com-
ing by direct descent. Still, were it not for the absence of his-

toric records, we could probably trace back both their theories

and their system of observation to the plains of Chaldea. The
zodiac was mapped out and the constellations named many
centuries before they commenced their observations, and these

works marked quite an advanced stage of development. This
prehistoric knowledge is, however, to be treated by the histo- J

rian rather than the astronomer. If we confine oui-selves to I

men whose names and whose labors have come down to us,

we must concede to Ilipparchus the honor of being the father

of astronomy. Not only do his observations of the heavenly
bodies appear to have been far more accurate tlum those of

any of his predecessors, but he also determined the laws of the

apparent motions of the planets, and prepared tables by which
these motions could be calculated. Probably he was the first

propounder of the theory of epicyclic motions of the planets,

commonly called after the name of his successor, Ptolemy, who
lived three centuries later.

Commencing with the time of Ilipparchus, the general
theory of the structure of the universe, or "syctcm of the

world," as it is frequently called, exhibits three great stages of

developinent, each stage being marked by a system quite dif-

ferent from the other two in its fundamental principles. These
are

1. The so-called Ptolemaic system, which, however, really

belongs to Ilipparchus, or some more ancient astronomer. In
this system the motion of the earth is ignored, and the appar-

ent motions of the stars and planets around it are all reg9,rded

as real.

\
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2. The Copernican system, in which it is shown that the sun
IB really the centre of the planetary motions, and that the earth
is itself a planet, both turning on its axis and revolving round
the sun.

3. The Newtonian system, in which all the celestial motions
are explained by the one law of universal gravitation.

This natural order of development shows the order in which
a knowledge of the structure of the universe can bo most
clearly presented to the mind of the general reader. We
shall therefore explain this structure historically, devoting a
separate chapter to each of the three stages of development
which we have described. We commence with what is well
known, or, at least, easily seen by every one who will look at
the heavens with sufficient care. We imagine the observer
out-of-doors on a starlit night, and show him how the heav-
enly bodies seem to move from hour to hour. Then, we show
him what changes he will see in their aspects if he contin-
ues his watch through months and years. By combining the
apparent motions thus learned, he forms for himself the an-

cient, or Ptolemaic, system of the world. Having this system
clearly in mind, the passage to that of Copernicus is but a
step. It consists only in showing that certain singular oscilla-

tions which the sun and planets seem to have in common are
really due to a revolution of the earth around the sun, and
that the apparent daily revolution of the celestial sphere arises

from a rotation of the earth on its own axis. The laws of
' the true motions of th(^ planets being perfected by Kepler,
they are shown by Newton to be included in the one law of
gravitation towards the sun. Such is the course of thought to
which we first invite the reader.

E:|l



XUE VELESIIAL SPhEME.

CHAPTER I.

THE ANCIENT ASTRONOMY, OR THE APPARENT MOTIONS OF THE
HEAVENLY BODIES.

§ 1. The Celestial Sphere.

It is a fact with which wo are familiar from infancy, that
all tho heavenly bodies—sun, moon, and stars—seem to bo set

in an azure vault, which, rising high over our heads, curves
down to the horizon on every side. Hero the earth, on which
it seems to rest, prevents our tracing it farther. But if the
earth were out of the way, or were perfectly transparent, wo
could trace the vault downwards on every side to the point
beneath our feet, and could see sun, moon, and stars in every
direction. The celestial vault above us, with the correspond-
ing one below us, would then form a complete sphere, in the
centre of which the observer would seem to be placed. This
has been known in all ages as tho celestial sphere. The direc-
tions or apparent positions of the heavenly bodies, as well as
their apparent motions, have always been defined by their sit-

uation and motions on this sphere. The fact that it is purely
imaginary does not diminish its value as enabling us to form
distinct ideas of the directions of the heavenly bodies from us.

It matters not how large we suppose this sphere, so long as
we alwayc, suppose the observer to be in the centre of it, so
hat it shall surround him on all sides at an equal distance.
But in the language and reasoning of exact astronomy it is

always supposed to be infinite, as then the observer may con-
ceive of himself as transported to any other point, even to one
of the heavenly bodies themselves, and still be, for all practical
purposes, in the centre of the sphere. In this case, however,
the heavenly bodies are not considered as attached to the cir

B
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cumference of the infinite spliore, but only as lying on the line
of sight extending from the oLserver to some point of the
sphere. Their relation to it may be easily understood by the
observer conceiving himself to be luminous, and to throv out
raya in every direction to the infinitely distant sphere. Then
the apparent positions of t;ie various hea\enly bodies will be
those in which thei>- shadows strike the sphere. For instance
the observer standing on the earth a'ld looking at tJic moon,

Fio. l.-Sectiou of the imaginary celestial sphere. The observer at 0, Inokino; at the
stars or other bodies, marked p, q, r, a, t, u, v, wiV imPgiDd them situated at P, Q, R, S,
T, U, V, on the surface of the sphere, where .hey will appear projected alone the
8traight2jr,2Q, etc.

the shadow of the latter' will strike the sphere at a point on a
straight line drawn from the observer's eye through the centre
of the moon, and continued till it meets the sphere. The point
of meeting will represent.the po^^tion of the moon as seen by
the observer. N"ow, suppok^ the 'kit«* transported to the moon.
Then, looking back at the earth, he will see it projected on the
sphere in a point diaifietrically opposite to that in M-liich he
formerly saw the moon. To whatever planet lie might trans-
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port himself, he would see the earth and the other planets pro-
jected on this imaginary sphere precisely as we always seem
to see the heavenly bodies so projected.

This is all that is left of the old crystalline spheres of Py-
thagoras by modern astronomy. From being a solid which
held all the stars, the sphere has become entirely immaterial,
a mere conception of the mind, to enable it to define the di-

rections in which tlio heavenly bodies are seen. By examin-
ing the figure it will be clear that all bodies which lie in the
same straight line from the observer will appear on the same
point of the sphere. For instance, bodies at the three points
marked t will all be seen as if they were at T.

% 2. The Diurnal Motion.

If we watcli the heavenly bodies for a few ho'irs we shall

always find them in motion, those in tlie east risiiig upwards,
those in the south moving towards the west, and those in the
west sinking below the horizon. We know that this motion
is only apparent, arising from the rotation of the earth on its

axis ; but as we wish, in this chapter, only to describe things
as they appear, we may speak of the motion as real. A few
days' watching will show that the whole celestial sphere seems
to revolve, as oti an axis, every day. It is to this revolution,

carrying the sun alternately above and below the horizon, that

the alternations of day ond night are due. The iiature and
effects of this motion can best be studied by watching the ap-

parent movement of the stars at night. We should soon learn

from such a "svatch that there is one point in the heavens, or
on the celestial sphere, which does not move at all. In our
latitudes this point is situated in the north, between the zenith

and the horizon, and is called the pole. Around this pole, as

a fixed centre, all the heavenly bodies seem to revolve, each
one moving in a circle, the size of which depends on the dis-

tance of the ])ody from the pole. There is no star situated

exactly at the pole, but there ie one which, being situated lit-

tle more than a degree distant, describes so small a circle that

the unaided eye cannot see any change of place without mak-

m

:M

.It:

«



II

10 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

iiig some exact and careful observation. This is therefore
called file pole star. The pole star can nearly ahvavs be very
readily found by means of the pointers, two stai-s of the con-
stellation Ursa Major, the Great Bear, or, as it is familiarly
called, the Dipper. By referring to the figure, the reader will
readily find this constellation, by the dotted line from the pole
and thence the pole star, which is near the centre of the map.

^'IvZ^l^'f "^"v.''!,'"'iilf
''"'' "^ '^' ""''"'''" ^'-y- ^''"^""S the constellations whichnever set m latitude 40°, but revolve roniul the pole star every clay in the directionshown by the arrows. The two lower stars of Urm Major, on the left of the mappoint to the pole star in the centre.

^'

The altitude of the pole is equal to the latitude of the place.
In the Middle States the latitude is generally not far from
forty degrees; the pole is therefore a little nearer to the hori-
zon than to the zenith. In Maine and Canada it is about half-
way between these points, while in England and Northern
Europe it is nearer the zenith.
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Now, to see the effect of the diurnal motion near the pole
let us watch any star in the north between the pole and the
horizon. We shall soon see that, instead of moving from east
to west, as we are accustomed to see the heavenly bodies move
it really moves towards the east. After passing the north
point, it begins to curve its course upwards, until, in tlie north-
east, its motion is vertical. Then it turns gradually to the
west, passing as far above the pole as it did below it, and, sink-
ing down on tlie west of the pole, it again passes under it.

The passage above the. pole is called the upper culmination^
and that below it the lower one. The course around the pole
is shown by the arrows on Fig. 2. We cannot with the naked
eje follow it all the way round, on account of the intervention
of daylight; but by continuing our watch every clear night for
a year, we should see it in every point of its course. °A star
following the course we have described never sets, but may be
seen every clear night. If we imagine a circle drawn round
the pole at sucli a distance as just to touch the horizon, all the
stars situated within this circle will move in this way; this is
tlierefore called the circle of perpetual apparition.
As we go away fi-om the pole avc shall find the stars mov-

ing in larger circles, passing In'gher up over tlie pole, and lower
down below it, until we reach the circle of perpetual appari-
tion, when they will just graze the horizon. Outside this circle
every star must dip below the horizon for a greater or less
time, depending on its distance. If it be only a few degrees
outside, it will set in the north-west, or between north^and
north-west; and, after a few hours only, it will be seen to rise
again between north and nortli-east, having done little more
than graze the horizon. The possibility of a body rising so
soon after having set does not always occur to those wholive
in moderate latitudes. In July, 1874, Coggla's comet set in
the north-west about nine o'clock in the evening, and rose
again about three o'clock in the morning ; and some intelligent
people wlio then saw it east of the pole supposed it could not
be the same one that had set the evening before.

Passing outside tlio circle of perpetual apparition, we find
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that the stars pass south of the zenith at tlieir upper culmina-
tion, that they set more quickly, and that they are a longer
time below the horizon. This may be seen in Fig. 3, the por-
tion of the sphere to which we refer being between the celes-
tial equator and the line LN. When we reach the equator
one-half the course will be above and one-half below the hori-

Pio. 3.—The celestial sphere and diurnnl nioiiou. S is ihe suiuli horizon, .V tlic north hori-
zon, Z the zenith. The circle LN around the north pole contains the stars shown In
Fig. 2

;
and the observer at 0, in the centre of the sphere, looking to the north, sees the

stars as they are depicted in that figure. The arrows show the direction of the diurnal
motiou in the west.

zon. South of the equator the circles described by the stars

become smaller once more, and more than half their course is

below tlie horizon. Near the south horizon the stars only show
themselves above the horizon for a short time, while below it

there is a circle of perpetual disappearance, the stars in which,
to us, never rise at all. Tliis circle is of the same magnitude
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wifek that of perpetual apparition, and the south pole is situated

in its centre, just as the north pole is in the centre of the other.

If we travel southward we find that the north pole gradually
sinks towards the horizon, while new stars come ii to view above
the south horizon ; consequently the circles of perpetual appari-
tion and of perpetual disappearance both grow smaller. When
we reach the earth's equator the south pole has risen to the
south horizon, the north pole has sunk to the north hori-
zon; the celestial equator passes from east to west directly
overhead

; and all the heavenly bodies in their diurnal revolu-
tions describe circles of which one half is above and the other
half below the horizon. These circles are all vertical.

South of the equator only the south pole is visible, the north
one, which we see, being now below the horizon. Beyond the
southern tropic the sun is north at noon, and, instead of mov-
ing from left to right, its course is from right to left.

The laws of the diurnal motion which we have described
may be summed up as follows

:

1. The celestial sphere, with the sun, moon, and stars, seems-
to revolve daily around an inclined axis passing through the
point where we may chance to stand.

2. The upper end of tliis axis points (in this hemisphe'-e) to
the north pole

; the other end passes into the earth, and points
to the south pole, which is diametrically opposite, and therefore
below the horizon.

3. All the fixed stars during this revolution move together,
keeping at the same distance from each other, as if the revolv-
ing celestial sphere were solid, and they were set in it.

4. The circle drawn round the heavens half-way between
the two poles being the celestial equator, all bodies north of
this equator perform more than half their revolution above
the horizon, while south of it less than half is above it.

§ 3. Motion of the Sun among the Stars.

The most obvious classification of the heavenly bodies which
we see with the naked eye is that of sun, moon, and stars.

But there is also this difference among the stars, that while the
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great mass of them preserve tlie same relative position on the
celestial sphere, year after year and century after century, there
are iive which constantly change their positions relatively to
the others. Their names are Mercury, Venus, Mars, Jupiter,
and Saturn. These five, with the sun and moon, constitute the
seven planets, or wandering stars, of the ancients, the motions
of which are next to be described. Taking out the seven
planets, the remaining heavenly bodies visible to the naked
eye are termed the Fixed Stars, because they have no appar-
ent motion, except the regular diurnal revolution described in
the last section. But if we note the positions of the sun,
moon, and planets among the stars for a number of successive
nights, we shall find certain slow changes among them which
we shall now describe, beginning with the sun. In studying
this description, the reader must remember tliat we are not
seeking for the apparent diurnal motion, but only certain
much slower motions of the planets relative to the fixed stars,

such as would be seen if the earth did not rotate on its axis.

If we observe, night after night, the exact hour and minute
at which a star passes any point by its diurnal revolution, we
shall find that passage to occur some four minutes earlier

every evening than it did the evening before. The starry
sphere therefore revolves, not in 24 hours, but in 23 hours

,

f)6 minutes. In consequence, if we note its position at the
tame hour night after night, we shall find it to be farther and

i
farther to the west. Let us take, for example, the brightest
star in the constellation Leo, represented on Map IIL, and
commonly known as Regulns. If we watch it on the 22d of
March, we shall find that it passes the meridian at ten o'clock
in the evening. On April 22d it passes at eight o'clock, and
at ten it is two hours west of the meridian. On the same day
of May it passes at six, before sunset, so that it cannot be seen
on the meridian at all. When it first becomes visible in the
evening twilight, it will be an hour or more west of the me-
ridian. In June it will be three hours west, and by the end of
July it will set during twilight, and will soon be entirely lost

in the rays of the sun. Tiiis shows that during the months in
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question tlie sun has been approaching the star from the west,

and in August has got so near it that it is no longer visible.

Carrying forward our coniputation, we find tliat on August
21st the star crosses the meridian at noon, and therefore at

nearly the same time with the sun. In September it crosses

at ten in the morning, while the sun is on the eastern side.

The sun has therefore passed from the west to the east of tlie

star, and the latter can be seen rising in the morning twilight
before the sun. It constantly rises earlier and earlier, and
therefore farther from the sun, until February, when it rises

at sunset and sets at sunrise ; and is therefore directly opposite
the sun. In March the star M-ould cross the meridian at ten
o'clock once more, showing that in the course of a year the
sun and star had resumed their first position. But, while the
sun has risen and set 365 times, the star has risen and set 366
times, the sun having lost an entire revolution by the slow
backward motion we liave described.

If the stars were visible in the daytime (as they would be
but for the atmosphere), the apparent motion of tlie sun among
them could be seen in the course of a single day. For in-

stanice, if we could have seen Regulus rise on the morning of
August 20th, 1876, we should have seen the sun a little south
and west of it, the relative position of the sun being as shown
by the circle numbered 1 in the figure.

Watching the star all day, we should find

that at sunset it was north from the sun,

from circle No. 2. The sun would

99W
as Fio. 4.—Motion of the Ban

jmst the Btar KegnluB
about August !i6tb of
every year.

during the day have moved nearly its own
diameter. Next morning we should have
seen that the sun had gone past the star into position 3, so
that the latter would now rise before the former. By sun-
set it would have advanced to position 4, and so forth. The I

path which the sun describes among the stars in his annual
\

revolution is called the ecliptic. It is marked down on Maps
II., III., IV., and v., and the months in which the sun passes
through each portion of the ecliptic are also indicated. Aj
belt of the heavens, extending a few degrees on each side of \
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the ecliptic, is called the zodiac. The poles of the ecliptic are

two opposite points, each in the centre of one of the two hemi-
spheres into which the ecliptic divides the celestial sphere.

The determination of the solar motion around the ecliptic

may be considered the birth of astronomical science. The
prehistoric astronomers divided the ecliptic and zodiac into

twelve parts, now familiarly known as the signs of the zodiac.

This proceeding was probably suggested by the needs of agri-

culture, and of the chronological reckoning of yeare. A very

,
little observation would show that the changes of the seasons

are due to the variations in the meridian altitude of the sun,

and in the length of the day ; but it was only by a careful

study of the position of the ecliptic, and the motion of the sun
in it, that it could be learned how these variations in the daily

I

course of the sun were brought about. This study showed
that they were due to the fact that the ecliptic and equator
did not coincide, but were inclined to each other at an angle
of between twenty-three and twenty-four degrees. This in-

clination is known as the obliquity of the ecliptic. Tlie two
circles, equator and ecliptic, cross each other at two opposite

points, the positions of which among the stars may be seen by
reference to Maps II. -V. When the sun is at eitlier of
these points, it rises exactly in the east, and sets exactly in the

west; one-half its diurnal course is above the horizon, and the

other half below. Tlie days and nights are therefore of equal
length, from which the two points in question are called the

Equinoxes.

The vei-nal equinox is on the right-hand edge of Map II.

Leaving that equinox about March 21st, the sun crosses over
the region represented by the map in the course of the next
three months, working northward as it does so, until June 20th,

when it is on tlie left-hand edge of the map, 23^° north of the

equator. This point of the ecliptic is called the summer solstice,

being that in which the sun attains its greatest northern declina-

tion. Wjien near this solstice, it rises north of east, culmi-
nateb at a high altitude (in our latitudes), and sets north of

west. As explained in describing the diurnal motion of an
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object north of tlie celestial equator, more than half the dailyil

coiii-se of the sun is now above our horizon, so that our daysl
are longer than onr nights, while the great meridian altitude jj

of the sun produces the heats of summer.
The portion of the ecliptic represented on Map II., com-

mencing at ' le vernal equinox, where the sun crosses the equa-
tor, was di' >ded by the early astronomers into the three signs

of Aries, the Ram
; Taurus, the Bull ; and Gemini, the Twins.

It will be seen that these signs no longer coincide with the
constellations of the same name: this is owing to a change in

the position of the equator, which will be described presently.

Turning to Map III., we see that during the three months,
from June to Septembei-, the sun works downwards towards
the equator, reaching it about September 20th. The point of
crossing marks the autumnal equinox, found also on the right

hand of Map IV. The days and nights are now once more of
equal length.

During the next six months the sun is passing o\er the re.

gions represented on Maps IV. and V., and is south of the
equator, its greatest southern declination, or "the southern
solstice," being reached about December 2l8t. More than
half its daily course is then below the horizon, so that in our
latitudes the nights are longer than the days, and the low
noonda> altitude of the sun gives rise to the colds of winter.

* o historic record of this division of the zodiac

the ideas of the authors can only be inferred >

ircumstances. It has been fancied that the
names wei j . .iggested by the seasons, the agricultural opera-
tions, and so on. Thus the spring signs (Aries, the 11am ; Tau-
rus, the Bull; and Gemini, the Twins) are supposed to mark the
bringing forth of young by the flocks and herds. Cancer, the
Crab, marks the time when the sun, having attained its great-
est declination, begins to go back towards the equator; and the
crab having been supposed to move backwards, his name was
given to this sign. Leo, the Lion, symbolizes the fierce heat
of summer; and Vii-go, the Virgin, gleaning corn, symbolizes
the harvest. In Libra, the Balance, the dav and ni<?ht balance I

into si.
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(ench otlier, being of equal lencrtli. Scorpiiis, the Scorpion, is

supposed to have marked the presence of venomous reptiles in
October; while Sagittarius, the Archer, symbolizes the season
of Ininting. The exi)lanation of Capricornus, the (ioat, is more
fanciful, if possible, than that of Cancer. It was sjipposed that
this animal, ascending the hill as he feeds, in order to reach
;the grass more easily, on reaching the top, turns back again, bo

I
that his name was used to mark the sign in which the sun,
fi-om going south, begins to return to the north. Aquarius,
the Water-bearer, symbolizes the winter rains ; and Pisces, the
Fishes, tlie season of fishes.

All this is, however, mere conjecture ; the only coincidences
at all striking being Virgo and Libra. The names of the con-
stellations were probably given to them several centuries, per-
haps even thousands of years, before the Christian era ; and in

that case the zodiacal constellations would not have correspond-
ed to the seasons we have indicated. An attempt has even been
made to show that the names of the zodiacal constellations were
intended to commemorate the twelve laboi-s of Hercules; but
this theory rests on no better foundation than the other.

The zodiacal constellations occupy quite unequal spaces in
the heavens, as may be seen by inspection of the maps. In
the beginning they were simply twelve bouses for the sun,
which that luminary occupied in the course of the year. Ilip-

parchus found this system entirely insufficient for exact astron-

omy, and therefore divided the ecliptic and zodiac into twelve
equal parts, of 30° each, called signs of the zodiac. He gave
to these signs the names of the constellations most nearly cor-

responding to them. Commencing at the vernal equinox, the
fii-st arc of 30° was called the sign Aries, the second the sign

Taurus, and so forth. The mode of reckoning positions on
tlie ecliptic by signs was continued until the last century, but
is no longer in use among professional astronomers, owing to

its inconvenience. The whole ecliptic is now divided into

3^0°, like any other circle, the count commencing at the vernal

equinox, and following the direction of the sun's motion all the

way round to 360°.
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§ 4. Precession of the Equinoxes.— The Solar Year.

By comparing his own observations with those of preceding
astrtmoiiiers, Ilipparchus found that the equinoxes were slowly
shifting their places among the stars, the change being at least

a degree in a century towards the west. His successors deter-

mined it with greater exactness, and it is now known to be

1 jarly a degree in seventy years. Careful study of the change
shows that it is due mainly to a motion of the equator, which,
again arises from a change in the direction of the pole. The
I)osition of the ecliptic among the stars varies so slowly that the
change can be seen only by the refined observations of modern
times. In the explanation of the diurnal motion, it was stated'

that there was a certain point in the heavens around which all

the heavenly bodies seem to perform a daily revolution. This
point, the pole of the heavens, is marked on the centre of Map
I., and is also in the centre of Fig. 2, page 10. It is little more
than a degree distant from the pole star. Now, precession real-

ly consists in a very slow motion of this pole around the polo
of the ecliptic, the rate of motion being such as to cany it all

the way round in about 25,300 years. The exact time has
Jiever been calculated, and would not always be the same, ow-
ing to some small variations to which the motion is subject

;

but it will never differ much from this. There is a very slight

motion to the ecliptic itself, and therefore to its pole ; and this

fact renders the motion of the pole of the equator around it

somewhat complicated ; but the curve described by the latter

is very nearly a circle 46° in diameter. In the time of Ilip-

parchus, our present pole star was 12° from the pole. The polo
has been approaching it steadily ever since, and will contimio
to approach it till about the year 2100, when it will slowly
pass by it at the distance of less than half a degree. Tlio

course of the pole during the next 12,000 years is laid down
on the map, and it will be seen that at the end of that time
it will be near the constellation Lyra. Since the equator is

always 90° distant from the pole, there will be a correspond-
ing motion to it, and hence to the point of its crossing the
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eciliptic. To show this, the position of tho equator 2000 years
ago, as well as its present position, is given on Map II.

The reader will, of course, undersfand that tho various ce-
lestial movements of which we have spoken in this chapter are
only ai)parent motions, and are due to the motion of tho earth
Itself, as will be explained in tho chapter on the Copernican
system. The diurnal revolution of the celestial sphere is due
to the rotation of the earth on its axis, while pi-ecession is real-
ly a change in the dii-ection of that axis.

One important effect of precession is that one revolution of
the sun among the stars does not accurately correspond to the
return of the same seasons. The latter depend upon the posi-
•tion of the sun relative to the equinox, the time when the sun
crosses the equator towards the north always marking the sea-
eon of spring (in the northern hemisphere), no matter where
the sun may be among the stars. If the equator did not move,
the sun would always cross it at nearly tho same point among
the stars. But when, starting from the vernal equinox, it
makes the circuit of t',-? heavens, and returns to it acrain, the
motion of the equator has been such that the sun crosses it

20 minutes before it reaches the same star. In one year, this
difference is very small ; but by its constant accumulation, at
the rate of 20 minutes a year, it becomes very considerable
after the lapse of centuries. We must, therefore, distino-uish
between the sidereal and the tropical year, the former being
the period required for one revolution of the sun among the
stars, the latter that reqnired for his return to the same equi-
nox, whence it is also called the equinoctial year. The exact
lengths of these respective years are

:

c;,i„„„ I
"">'• I'sy- Hoan. MIn. Sm.

Sidereal year 365.25636 = 365 6 9 9
Tropical year 365.24220 = 365 5 48 46

Since the recurrence of the seasons depends on the tropical
year, the latter is the one to be used in forming the calendar
and for the purposes of civil life generally. Its true length is

11 nunutes 14 seconds less than 365^ days. Some results of
this difference will be shown in explaining the calendar.
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§ 6. The Moon's Motion.

Every ono knows that the moon makes a rovohition in the
celestial sphere in about a month, and that dming its ievohi-
tion it presents a number of different phases, known as " new
moon » «

first quarter," "full moon," and so on, depending
on Its position relative to the sun. A study of these phases
during a single revolution will make it clear that the moon is

a globular dark body, illuminated by the light of the sun, a
fact which has been evident to carefid observers from the re-
motest antiquity. This may be illustrated by taking a largo
globe to represent the moon, painting one half white, to rq;-
resent the half on which the sun shines, and the other half
dark. Viewing it at a proper distance, and turning it into
different positions, it will be found that the visible part of the
white half may be made to imitate the various appearances of
the moon.

As the sun makes a revolution around the celestial sphere
in a year, so the moon makes a similar revolution among the
stars in a little more than 27 days. This motion can bo seen
on any clear night between iirst quarter and full moon, if the
moon happens to be near a bright star. If the position of the
moon relatively to the star be noted from hour to hour, it will
be found that she is constantly working towards the east by a
distance equal to her own diameter in an hour. The follow-
ing night she will be found from 1'2° to 14° east of the star,

and will rise, cross the meridian, and set from half an hour to
an hour later than she did the preceding night. At the end
of 27 days 8 hours, she will be back in the same position
among the stars in which she was fii-st seen.

If, however, starting from one new moon, we count forwards
this period, we shall find that the moon, although she has re-

turned to the same position among the stars, has not got back
to new moon again. The reason is that the sun has moved
forwards, in virtue of his apparent annual motion, so far that
it will require more than two days for the moon to overtake
him. So, although the moon really revolves around the earth

I ' li
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Ill 27i days, the average interval between one new moon and
the next is 2^ days.

A comparison of the phases of the moon with her direction
will show that tlie sun is many times more distant than the
moon. In Fig. 5, let E be the position of an observer on the
earth, Jf the moon, and S the sun, illuminating one half of it.

When tlie observer sees the moon in lier first quarter—that is,

when her disk appears exactly half illuminated—the angle at

Fig. 5.-8howiiig the sun to be farther than the moon.

the moon, between the observer and the sun, must be a right
angle. If the sun were only about four times as far as the
nioon, as in the figure, the observer, by measuring the angle
xSAW between the sun and moon, would find it to be 75° ; and
the nearer the sun, the smaller he would find it. But actual
measurement would show it to be so near 90° .that the dif-
forence would be imperceptible with ordinary instruments.
Hence, the sun is really at the point where the dotted line and
the line MS continued meet each other, which is many times
the distance EM to the moon.

This idea was applied by Aristarchus, who flourished in the
third century before Clirist, preceding both Hipparchus and
Ptolemy, to determine the distance of the sun, or, more ex-
actly, how many times it exceeded the distance of the moon.
He found, by measurement, that, in the position represented
in the figure, the distance between the directions of the sun
and moon was 87°, and that the sun was therefore something
like twenty times as far as the moon. We now know that thil
result was twenty times too small, the angle being really so
near 90° that Aristarchus could not determine the difference
with certainty. In principle, the method is quite correct, and
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very ingenious, but it cannot be applied in practice, Tlie one
insuperable difficulty of the method arises from the impossi.
bility of seeing when the moon is exactly half illuminated,
the uncertainty arising from the inequalities in the lunar sur-

face being greater than the whole angle to be measured.
Watching and mapping down the path of the moon among

the stars, it is found not to be the same with that of the sun,
being inclined to it about 5°. The paths cross each other in

two opposite points of the heavens, called the moon's nodes.
The path of the moon in the middle of the year 1877 is

marked on srar Maps II.-V. Referring to Map III., it will
be seen that the descending node of the moon is in the con-
stellation Leo, very near the star Regulus. Here the moon
passes south of or below the ecliptic, and continues below it

over tlie whole of Map lY. On Map V., it approaches the
ecliptic again, crossing to the north of it in the constellation
Aquarius, and continuing on that side till it reaches Regulus
once more.

Such is the moon's path in July, 1877. But it is con-
stantly changing in consequence of a motion of the nodes
towards the west, amounting to more than a degree in every
revolution. In order that the line drawn on the map may
continue to represent the path of the moon, we must suppose
it to slide along the ecliptic towards the right at the rate of
about 20° a year, so that a slightly different path will be de-
scribed in every monthly revolution. The path will always
cross the ecliptic at the same angle, but the moon will not
always pass over the same stars. In August, 1877, she will
cross the ecliptic a little farther to the right (west), and will
pass a little below Regulus. Tlie change going on from
month to month and from year to year, in a little less than
ten years the ascending node will be found in Leo; and the
other node, now in Leo, will have gone back to Aquarius.
In a period of eighteen years and seven months, the nodes
will have made a complete revolution, and the path of the
moon will have resumed the position given on the map.
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§ 6. Eclipses of the Su7i and Moon.
Tlie early inhabitants of the world were, no doubt, terrified

by the occasional recurrence of eclipses many ages before
there were astronomers to explain their causes. But the mo-
tions of the sun and moon could not be observed very Ion"-

without tlie causes being seen. It was evident tlu.t if the
moon should ever chance to pass between the earth and the
Bun, she must cut off some or all of his ligiit. If the two bodies
followed the same track in the heavens, there AvouJd be an
eclipse of the sun every new moon ; but, owing to the incli-

nation of the two orbits, the moon will generally pass above
or below the sun, and there will be no eclipse. If, however,
the sun happens to be in the neighborhood of the moon's node
wlu 11 the moon passes, then there will be an eclipse. For an
example, let us refer to Map III. We see that the sun passes
the moon's descending node about August 25th, 1877, and is

within 20° of this node from early in August till the middle
of September. The moon passes the sun on August 8th and
September 6th of that year, which are, therefore, the dates of
new moon. At the first date, the moon passes so far to the
north that, as seen from the centre of the earth, there is no
eclipse at all; but in the northern part of Asia the moon
would be seen to cut off a small portion of the sun.

While the moon is performing another circuit, the sun has
moved so far past the node, that the moon passes south of it,

and there is only a small eclipse, and that is visible only
around the region of Cape Horn. Thus, there are two solar

eclipses while the sun is passing this node in 1877, but both
are very small. Indeed, every time the sun crosses a node,
the moon is sure to cross his path, either before he reaches
the node, or before he gets far enough from it to be out of
the way. As he crosses both nodes in the course of the year,

there must be at least two solar eclipses every year to some
points of the earth's surface.

The cause of lunar eclipses might not have been so easy to

guess aa was that of solar- ones; but a great number could
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not Iiavo been observed, and their times of occurrence record-
ed, without its being noticed that they always occurred at full
moon, when tlie eartli was opposite "the sun. The idea that
the earth cast a shadow, and tliat the moon passed into it,

could then hardly fail to suggest itself: arid we find, accord-
ingly, that the earliest observers of the heavens were perfectly
acquainted with the cause of lunar eclipses.

The reason why eclipses of the moon only occur occasion-
ally is of the same general nature with that of the rare occur-
rence of solar eclipses. The centre of the earth's shadow is

always, like the sun, in the ecliptic ; and unless the moon hap-
pens to be very near the ecliptic, and therefore very near one
of her nodes at the time of full moon, she will fail to strike
the shadow, passing above or below it. Owing to the great
magnitude of the sun, the earth's shadow is, at the distance of
the inoon, much smaller than the earth itself. Tiie result of
this is, that the moon must be decidedly nearer her node to
produce a lunar than to produce a solar eclipse. Sometimes
a whole- year passes without there being any eclipse of the
moon.

The nature of an eclipse will vary with the positions and
apparent magnitudes of the sun and moon. Let us suppose,
first, that, in a solar eclipse, the centre of the moon happens
to pass exactly over the centre of the sun. Then, it is clear
tliat if the apparent angular diameter of the moon exceed that
of the sun, the latter will be entirely hidden from view. This
is called a total eclipse of the sun. It is evident that such an
eclipse can occur only when the observer is near the line join-
ing the centres of the sun and moon. If, under the same cir-
cumstances, the apparent magnitude of the moon is less than
rliat of the sun, it is evident that the whole of the latter cannot
be covered, but a ring of light around his edge will still be visi-
l)le. This is called an ammlar eclipse. If the moon does not
pass centrally over the sun, then it can cover only a portion of
the latter on one side or tlie other, and the eclipse is said to be
partial. So with the moon : if the latter is only partially ira-
mersed in the earth's shadow, the eclipse of the moon is called
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partial; if she is totally immei-sed in it, so that no direct sun-

light can reach her, the eclipse is said to be total. An an-

Fio. C—Auuular eclipse of the sun. PiQ. v.—Partial eclipse of the sun.

nnlar eclipse of the moon is impossible, because the earth's

shadow always exceeds the diameter of the moon in breadth.
Some points respecting eclipses will be seen more clearly

by reference to the accompanying figures, in wliich S repre-

sents the sun, E the earth, and Jf the moon. Referring to the
first figure, it will be seen that an observer at either of the
points marked 0, or indeed anywhere outside the shaded por-
tions, will see the whole of the sun, so that to him there will

be no eclipse at all. Within the lightly shaded regions, marked
PP, the sun will be partially eclipsed, and more so as the ob-
server is near the centre. This region is called the penumbra.

Fio. S—Eclipse of the sun, the shadow of the moon falling on the earth.

"Within the darkest parts between the two letters P is a region

where the sun is totally hidden by the moon. Tliis is the
shadow, and its form is that of a cone, with its base on the
moon, and its point extending towards the eartlt. Now, it

happens that the diameters of the sun and moon are very
nearly proportional to tlieir respective mean distances, so that

the point of this shadow almost exactly reaches the surface of
ths earth. Indeed, so near is the adjustment, that the dark
shadow sometimes reaches the earth, and sometimes does not,
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owing to the small changes in the distance of the snn and
moon. When the shadow reaches the earth, it is comparative-
ly very narrow, owing to its being so near its sharp point ; but
if an observer can station himself within it, he will see a total
eclipse of the sun during the short time the shadow is passing
over him. If the reader will study the figure, he will see why
a total eclipse of the sun is so rare at any one place on the
eaith. The shadow, when it i-eaches the earth, is so near down
to a point that its diameter is not generally more than a hun-
dred miles; consequently, each total eclipse is visible only
along a belt which may not average more than a hundred
miles across.

In most eclipses, the, shadow comes to a point before it

reaches the earth
; in this ease, the apparent angular diameter

of the moon is less than that of the sun, and there can be no
total eclipse. But if an observer places hiniself in a line with
the centre of the shadow, he will see an annular eclipse, the
sun showing itself on all sides of the moon.
The next figure shows us the form of the earth's shadow.

Pio. 9—Eclipse of the moon, the latter being in the shadow of the earth.

The earth being much larger than the moon, its shadow ex-
tends far beyond it; and where it reaches the moon, it is al-

ways so much larger than the latter that she may be wholly
immersed in it, as shown in the figure. Now, suppose the
moon, in her course round the earth, to pass centrally through
the shadow, and not above or below it, as she commonly does

;

then, when she entered the shaded region, marked P, which
is called the penumbra, an observer on her surface would see
a partial eclipse of the sun caused by the intervention of the
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earth. The time wiien this begins is given in the ahnanacs,
being expressed by the words, "Moon enters penumbra."
Some of the sunlight is then cut off from the moon, so that
tlie latter is not so bright as usual; but the eje does not
notice any loss of light until the moon almost reaches the
dark shadow. As she enters the shadow, a portion of her sur-

face seems to be cut off and to disappei;: '''e^y, and her vis-

ible portion continually grows smaller, «• case of a total

eclipse, her whole disk is immersed in the c.ic*dow. When Ihis

occurs, it is found that she is not entirely invisible, but still

faintly shines with a lurid copper-colored light. This light is

refracted into the shadow by the earth's atmosphere, and its

amount may be greater or less, according to the quantity of
clouds and vapor in the atmosphere around that belt of the
earth Avhich the sunlight must graze in order to reach the moon.

In about half of the lunar eclipses, the moon passes so far
above or below the centre of the shadow that part of her body
is in it, and part outside, at the time of greatest eclipse. This
is called a partial eclipse of the moon. The magnitude of a
partial eclipse, whether of the sun or moon, was measured by
the older astronomers in digits. The diameter of the solar or
lunar disk was divided into twelve equal parts, called digits

;

and the magnitude of the eclipse was said to be equal to the
number of digits cut off by the shadow of the earth in case of
a lunar eclipse, or by the moon in case of a solar eclipse. The
most ancient astronomei-s were in the habit of measuring the
digits by surface : when the moon w,as said to be eclipsed four
digits, it meant that one - third of her surface, and not one-
third her diameter, was eclipsed.

The duration of an eclipse varies between very wide liinits,

according to whether it is nearly central or the contrary. The
duration of a solar eclipse depends upon the time required for
the moon to pass over the distance from where she first comes
into apparent contact with the sun's disk, until she separates
from it again ; and this, in the case of eclipses which are pret-

ty large, may range between two and three hours. In a total

eclipse, however, the apparent disk of the moon exceeds that
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of the sun by so small an amount, that it takes her but a short
time to pass far enough to uncover some i)art of the sun s
disk: the time is rarely more than live or six minutes, and
sometnnes only a few seconds. A total eclipse of the moon
may, however, last nearly two houi-s, and the partial eclipses
on each side of the total one may extend the whole duration
ot the eclipse to three or four hours.

Total eclipses of the sun afford very rare and highly prized
opportunities for studying the operations going on Ground that
luminary. Of these we shall speak in a subsequent chapter.

Returning, now, to the apparent motions of the sun and
moon around the celestial sphere, we see that since the moon's
orbit has two opposite nodes in which it crosses the ecliptic,
and the sun passes through the entire course of the ecliptic in
the course of the year, it follows that there are two periods in
the course of a year during which the sun is near a node, and
eclipses may occur. Roughly speaking, these periods are each
about a month in duration, and we may call them seasons of
eclipses. For instance, it will be seen on Map V. that the
sun passes one node of the moon's orbit towards the end of
February, 1877. A season of eclipses for that year is there-
fore February and the first half of March. Actually, there is
a total eclipse of the moon on February 27th, and a very small
eclipse of the sun on March 14th, of that year, visible only in
Northern Asia.* From this time, the sun is so far from the
node that there can be no eclipse until he approaches the
other node in August. Then we have the two eclipses of the
sun already mentioned, and, between them, a total eclipse of
the moon on August 23d. Thus, in the year 1877, the first
season of eclipses is in February and March, and the second
in August and September.

We have said that the length of each eclipse season is about
a month. To speak with greater accuracy, the average season
tor eclipses of the sun extends 18 days before and after the

M^u°'"Vl""
^''^'"°>'^'"'"7 coincidence between this eclipse and that~i^.

gust 8tii of the same year, both being visible from nearly the same region in Cen.
tral biberia.
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sun's passage through the node, while that for hniar eclipses

extends 11| days on each side of the node. The total season

is, therefore, 36 days for solar, and 23 days for lunar eclipses.

Owino- to the constant motion of the moon's node already

described, the season of eclipses will not be the same from

year to year, but will occur, on the average, about 20 days

earlier each year. We have seen tliat the sun passed the de-

scending node of the moon marked on Map III. on August

24th, 1877; but during the year following the node will have

moved so far to the west that the sun will again reach it on

August 5th, 1878. The effect of this constant shifting of the

nodes and seasons of eclipses is that in 1887 the August sea-

son will be shifted back to February, and the February season

to August. The reader who wishes to find the middle of the

eclipse seasons for twenty or thirty years can do so by starting

^

from March 1st and August, 24rth, 1877, and subtracting 191

I
days for each subsequent year.

' There is a relation between the motions of the sun and

moon which materially assisted the early astronomers in the

prediction of eclipses. We have said that the moon makes

one revolution among the stars in about 27^ days. Since the

node of the orbit is constantly moving back to meet the moon,

as it were, she will return to her node in a little less than this

period—namely, as shown by modern observations, in a mean

interval of 27.21222 days. The sun, after passing any node

of the orbit, will reach the same node again in 346.6201 days.

The relation between these numbers is this : 242 returns of

the moon to a node take very nearly the same time with 19

returns of the sun, the intervals being

242 returns of the moon to her node 6585.357 days;

ID " " sun to moon's node 6585.780 "

Consequently, if at any time the sun and moon should start

out together from a node, they would, at the end of 6585

days, or 18 years and 11 days, be again found together very

near the same node. During the interval, there would have

been 223 new and full moons, but none so near the node as
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this. The exact time required for 223 hinations is 6585.3212
days; so that, in the case supposed, the 223d conjunction of
the sun and moon would happen a little before they reached
the node, their distance from it being, by calculation, a little

less than one of their diameters, or, more exactly, 28'. If,

instead of being exactly at the node, they are any given dis-

tance from it, say 3° east or west, then, in the same period,
they will be again together within half a degree of the same
distance from the node.

The period just found was called the Saros, and may be ap-
plied in this way: Let us note the exact time of the middle
of any eclipse, either of the moon or of the sun ; then let us
count forwards 6585 v^ays, 7 hours, 42 minutes, and we shall
find another eclipse of very nearly the same kind. Reduced
to years, the interval will be 18 years and 10 or 11 days, ac-
cording to whether the 29th of February has intervened four
or five times during the interval. This being true of every
eclipse, if we record all the eclipses which occur during a
period of 18 years, we shall find the same series after 10 or
11 days to begin over again ; bnt the new series will not gen-
erally be visible at the same places with the old ones, or, at
least, will not occur at the same time of day, since the mid-
dle will be nearly eight hours later. Not till the end of three
periods will they recur near the same meridian; and then,
owing to the period not being exact, the eclipse will not be
precisely of the same magnitude, and, indeed, may fail entire-
ly. Every successive recurrence of an eclipse at the end of
the period being 28' farther back relatively to the node, the
conjunction must, in process of time, be so far back from the
node as not to produce an eclipse at all. During nearly every
period it will be found that some eclipse fails, and that some
new one enters in. A new eclipse of the moon thus entering
will be a very small one indeed. At every successive recur-
rence of its period it will be larger, until, about its thirteenth
recurrence, it will be total. It will be total for about twenty-
two or twenty-three recurrences, when it will become partial
once more, but on the opposite side of the moon from that on

C 4
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which it was first seen. There will then be about thirteen par-

tial eclijiscs, each smaller than the last, until they fail entirely.

The whole ititerval of time over which the recurrence of a

lunar eclipse thus extends will be about 48 periods, or 865|
years. The solar eclipses, occurring farther from the node,

will last yet longer, namely, from 65 to 70 periods, or over
1200 years.

As a recent example of the Saros, we may cite some total

eclipses of the sun well known in recent times; for instance,

1842, July 8th, l"" 8 a.m., total eclipse, observed in Europe;
18()(), July 18th, Oh A.M., total eclipse Ainericti iiiid Spain

;

1878, July 29th, 4'' 2 p.m., one visible in Colorado and on the racific Coast.

A yet more remarkable series of total eclipses of the sun
occurs in the years 1850, 1868, 1886, etc., the dates being—

IHfU), August 7th, 4'' 4 p.m., in the Pacific Ocean

;

18(J8, August 17th, 12'' p.m., in India;

188G, August 29th, 8'' a.m., in the Central Atlantic Ocean and Southern Africa}

1904, September 9th, noon, in South America.

This series is remarkable for the long duration of t(>tality,

amounting to some six minutes.

It must be understood that the various numbers we have
given in this section are not accurate for all eases, because the

motions both of the sun and moon are subject to certain small

irregularities which may alter the times of eclipses by an hour
or more. We have given only mean values, which are, how-
ever, always quite near the truth.

§ 7. TJie Ptolemaic System.

There is still extant a work which for fourteen centuries

was a sort of astronomical Bible, from which nothing was
taken, and to which nothing material in principle was added.
This is the "Almagest'* of Ptolemy, composed about the mid-
dle of the second century of our era. Nearly all we know of

the ancient astronomy as a science is derived from it. Frag-
ments of other ancient authors have come down to us, and
most of the ancient writers make occasional allusions to astro-

nomical phenomena or theories, from which various ide«8 re-
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spcctitig tlie ancient astronomy liavo been gleaned ; but tbe
work of rtoleiny is tlie only conipjeto eonipendiuin whidi we
possess. Altliough bis system is in several important points
erroneous, it yet represents tlio salient features of tbe apjwent
niotions of tbe beavenly bodies witb entire accuracy. Defec-
tive as it is wben nieasured by our standard, it is a inarvel of
ingenuity and researcb wben measured by tbo standard of tbe
times.

Tbe immediate object of tbe present chapter is to explain
the apparent movements of Mie planets, whicb can be most
easily done on the Ptolemaic system. But, on account of its

historic interest, we shall begin with a brief sketch (f the
propositions on which the system rests, giving also Ttolcmy's
method of proving them. His fundamental doctrines are that
the heavens are spherical in form, and all the beavenly mo-
tions spherical or in circles ; that the earth is also splierical,

and situated in the centre of the heavens, or celestial sphere,
where it remains quiescent, and that it is in magnitude only a

'

point when compared with the sphere of the stars. AVo slmll
give Ptolemy's views of these i)roposition8, and bis attempts
to prove them, in their regular order.

1st. The Heavenly Bodies move in Circles.—Here Ptole-
ny refers principally to the diurnal motion, whereby every
heavenly body is apparently cari-ied around the earth, or, rath-
er, around the pole of the heavens, in a cii-cle every day. Put
all the ancient and medieval astronomers down to the time
of Kepler had a notion that, the circle being the most perfect
plane figure, all the celestial motions must take place in cir-

cles
;
and as it was found that the motions were never iini

form, they supposed these circles not to be centred on the
eorth. Wliere a single circle did not suffice to account foi-

the motion, they introduced a combination of circular motions
in a manner to be described presenth'.

2d. T/ie Earth is a Sphere.— That the earth is rounded
from east to west Ptolemy proves by the fact that the sun.
mooji, and stars do not rise and set at the same moment to all

the inhabitants of tlie earth. The times at which ecllnses of

^^I0m^
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tho moon are fiecn in different countries being compared, it ia

found that the fartlier the observer ia west, the earlier is the

hour after sunset. As the time is really the same everywhere,

this shows tiuit the sun sets later the farther we go to the west.

Again, if the earth were not rounded from north to south, a

star passing the meridian in tho north or south horizon would
always pass in the horizon, however far to the north or south

tho observer might travel. But it is found that when an ob-

server travels towards the south, the stars in the north ap-

proach the horizon, and the circles of their diurnal motion cut

below it, while new stars rise into view above the south hori-

zon. This shows that the horizon itself changes its direction

as the observer moves. Finally, from whatever direction we
approach elevated objects from the sea, we see that their bases

are first hidden from view by the curvature of the water, and
gradually rise into view as we approach them.

3d. The Earth is in the Centre of the Celestial Sjphere.—
If the earth were displaced from the centre, there would be

various irregularities in the apparent daily motion of the ce-

lestial sphere, the stars appearing to move faster on the side

towards which the earth was situated. If it were displaced

towards the cast, we should be nearer the heavenly bodies

when they are rising than when they are setting, and they

wonld appear to move more rapidly in the east than in the

west. The forenoons would therefore be shorter than the af-

ternoons. Towards whatever side of the turning sphere it

might be moved, the lieavenly bodies would seem to move
more rapidly on that side than on the other. No such irreg-

ularity being seen, but the diurnal motion taking place with

perfect uniformity, the earth must be in the centre of mo-
tion.

4th. The Earth has no Motion of Translation— Because
if it had it would move away fi'om the centre towards one
side of the celestial sphere, and the diurnal revolution of the

stars would cease to be uniform in all its parts. But the uni-

formity of motion just described being seen from year to year,

the earth must preserve its position in the centre of the spliere.
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It will be interesting to analyze these propositions of Ptole-

my, to see wlmt is true and what is false. The first proposi-

tion— that the heavenly bodies move in eircles, or, as it is

more literally expressed, that the heavens move spherically—
is quite true, so far as the apparent diurnal motion is coii-

cei-ned. What Ttolemy did not know was that this motion is

only apparent, arising from a rotation of the earth itself on its

axis. The second proposition is perfectly correct, and Ptole-
my's proofs that the earth is round are those still found in our
school-books at the end of seventeen hundred yeai-s. Most
curious, however, is the mixture of truth and falsehood in the
third and fourth propositions, that the earth remains cpiies-

cent. We camiot denounce it as unqualifiedly false, because,
in a certain sense, and indeed in the only sense in which there
is any celestial sphere, the earth may be said to remain in the
centre of the sphere. What Ptolemy did not see is that this

sphere is only an ideal one, which the spectator carries with
him wherever he goes. His demonstration that the centre of
revolution of the sphere is in the earth is, in a certain sense,

correct ; but what he leally proves is that the earth revolves
on its own axis. He did not see that if the earth could carry
the axis of revolution with it, his demonstration of the quie^-

cence of the earth would fall to the ground.
Considerable insight into Ptolemy's views is gained by his

answers to two objections against his system. The first is the
vulgar and natural one, that it is paradoxical to suppose that
a body like the earth could remain supported on nothing, and
still be at rest. These objectors, he says, reason from what
they see happen to small bodies around them, and not from
what is proper to the universe at large. There is neither up
nor down in the celestial spaces, for we cannot conceive of it

in a sphere. What we call down is simply the direction of
our feet towards the centre of the earth, the direction in
which^ heavy bodies tend to fall. The earth itself is but a
point in comparison with the celestial spaces, and is kept fixed
by the forces exerted upon it on all sides by the universe,
which is infinitely larger than it, and similar in all its parts.

Pt^
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This idea is as near an approach to that of univei-sal gravita-

tion as the science of the times would admit of.

He then sajs tliere are others who, admitting this reason-

ing, pretend that nothing hinders us from supposing that the

heavens are immovable, and that the earth itself turns round
its own axis once a day from west to east. It is certainly

singular that one who had risen so far above the illusions of

sense as to demonstrate to the world that the earth was round

;

that up and down were only relative ; and that heavy bodies
fell towards a centre, and not in some unchangeable direction,

should not have seen the correctness of this view.

To ]-efute the doctrine of the earth's rotation, he proceeds
in a way the opposite of that which he took to refute those

who thought the earth could not rest on nothing. He said of

the latter that they regarded solely what was around them ou
the earth, and did not consider what was proper to the uni-

verse at large. To those who maintained the earth's rotation,

he says, if we consider only the movements of the stars, there

is nothing to oppose their doctrine, which he admits has the
merit of simplicity ; but in view of what passes around us and
in the air, their doctrine is ridiculous. He then enters into a
disquisition on the relative motion of light and heavy bodies,

which is extremely obscure ; but his conclusion is that if the
earth really rotated with the enoi'mous velocity necessary to

tiarry it round in a day, the air would be left behind. H they
say that the earth carries round the air with it, he replies that

this could not be true of bodies floating in the air ; and hence
concludes that the doctrine of the earth's rotation is not tena-

ble. It is clear, from this argument, that if Ptolemy and his

contemporaries had devoted to experimental physics half the
careful observation, research, and reasoning which we find in

their astronomical studies, they could not have failed to estab-

lish the doctrine of the earth's rotation.

In the Ptolemaic system, all the celestial motions are repre-

sented by a series of circular motions. We have already ex-

plained the motions of the sun and moon among the stars, the
first describing a complete circuit of the heavens from west to
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east in a year, and the second a similar circuit in a month.
Though not entirely uniform, these movements are always for-
ward. But it is not so with the five planets— Mercury, Ve-
nus, Mars, Jupiter, and Saturn. These move sometimes to the
east and sometimes to the west, and are sometimes stationary.*
On the whole, however, the easterly movements predominate;
and the planets really oscillate around a certain mean point
itself in regular motion towards the east. Let us take, for in-
stance, the planet Jupiter. Suppose a certain fictitious Jupi-
ter performing a circuit of the heavens among the stars every
twelve years with a regular easterly motion,"just as the sun
performs such a circuit every year; then the i-eal Jupiter will
be found to oscillate, like a pendulum, on each side of the fic-

titious planet, but never swinging more than 12° from it. The
time of each double oscillation is about thirteen months— that
is, if on January 1st we find it passing the fictitious planet
towards the west, it will continue its westerly swing about
three months, when it will gradually stop, and return with a
somewhat slower motion to the fictitious planet again, passing
to the east of it the middle of July. The easterly swing will
continue till about the end of October, when it will return
towards the west. The westerly or backward motion is called
retrograde, and the easterly motion direct. Between the two
is a point at which the planet appears stationary once more.
The westerly motions are called retrograde because they are
in the opposite direction both to the motion of the sun among
tiie stars, and to the average direction in v.hich all the planets
move. It was seen by Ilipparchus, who lived three centuries
before Ptoiemy, that this oscillating motion could be repre-
sented by supposing the real Jupiter to describe a circular or-
bit around the fictitious Jupiter once in a year. This orbit is

called the epicjycle, and thus we have the celebrated epicvclic
theory of the planetary motions laid down in the "Almagest."
The movement of the planet on this theory can be seen by

* It may not be amiss to remind the reader once more that we here leave the
dmrnal motion of the stars entirely out of sight, and consider only the motions of
the planets relative to the stars.
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Fig. 10. £^ is tlie earth, aronnd which the fictitious Jupiter

moves in the dotted circle, 1, 2, 3, 4, etc. To form the epicycle

in which the real planet moves, we must suppose an arm to bo

constantly turning round tlie fictitious planet once a year, on
the end of which Jupiter is carried. This arm will then be in

the successive positions, 1 V, 2 2', 3 3', etc., represented by the

light dotted lines. Drawing a line through the successive po-

sitions 1', 2', 3', etc., of the real Jupiter, we shall have a series

of loops representing its apparent orbit.

h I
»

:i «:

Pio. 10.—Showing the apparent orbit of a planet, regarding the earth as at rest.

It will be seen that although it requires only a year for the

arm carrying the real Jupiter to perform a complete revolu-

tion and return to its primitive direction, it requires about

thirteen months to form a complete loop, because, owing to

the motion of the fictitious planet in its orbit, the arm must
move more than a complete revolution to finish the loop. For
instance, referring again to Fig. 10, comparing the positions

1 1' and 8 8', it will be seen that the arm, being in the same
direction, has performed a complete revolution ; but, owing to

the curvature of the orbit, it does not reach the middle of the

second loop until it attains the position 9 0'.
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TJie planets of which the radius of the epicycle makes an

annual revolution in this way are Mars, Jupiter, and Saturn.
Tlie complete apparent orbits of the last two planets are shown
in the next figure, taken from Arago. By the radius of the
epicycle wo mean the imaginary revolving arm which, turn-
ing round the fictitious planet, carries the real planet at its

Fio. ll.-Appareut orbits of Jupiter and Saturn, 170S-1737, after Caeeini.

end. The law of revolution of this arm is, that whenever the
planet is opposite the sun, the arm points towards the earth,
as in the positions 1 1', 9 9', in which cases the sun will be on
the side of the earth opposite the planet ; while, whenever the
planet is in conjunction with the sun, the arm points from the
earth. This fact was well known to the ancient astronomers,
and their calculations of the motions of the planets were all

i
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founded upon it; but they do not seem to have noticed the

very important corollary from it, that the direction of the

radius of the epicycle of Mars, Jupiter, and Saturn is always

the same with that of the sun from the earth. Had they

done so, they could hardly have failed to see that the epicycles

could be abolished entirely by supposing that it was the earth

which moved round the sun, and not the sun round the earth.

The peculiarity of the planets McMcury and Venus is that

the fictitious centres around which they oscillate are always in

the direction of the sun, or, as we now know, the sun himself

is the centre of their motions. They are never seen more than

a limited distance from that luminary, Venus oscillating about

45" on each side of the sun, and Mercury from 16° to 29°. It

is said that the ancient Egyptians really did make the sun the

centre of the motion of these two planets ; and it is difficult to

see how any one could have failed to do so after learning the

laws of their oscillation. Yet Ptolemy rejected this system,

placing their orbits between the earth and sun without assign-

ing any good reason for the course.

The arrangement of the planets on the Ptolemaic system is

shown in Fig. 12. The nearest planet is the moon, of which

the ancient astronomers actually succeeded in roughly meas-

uring the distance. The remaining planets are arranged in

the same order with their real distance from the sun, except

that the latter takes the place assigned to the earth in the

modern system. Thus we have the following order

:

The Moon,

Mercury,

Venus,

The Sun,

Mars,

Jupiter,

Saturn.

Outside of Saturn was the sphere of the fixed stars.

This order of the planets must have been a matter of opin-

ion rather than of demonstration, it being correctly judged

by the ancient astronoraerp that those which seemed to move
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41

Pio. 12.-Arrai)Kemeut of the seven planets in the Ptolemnic system. The orWts nsmarked, are those of the fictitious planets, the real planets beinR supposed to describea series of looi).s.
"vo^nuo

more slowly were the more distant. This system inade it
quite ceitaiii that tlie moon was the nearest planet, and Mars,
Jupiter, and Saturn, in their order, the most distant ones. Bnt
the relative positions of the Sun, Mercury, and Yenus were
more in doubt, since they all performed a revolution round
the celestial spheie in a year. So, while Ptolemy, as we have
just said, placed Mercury and Venus between the earth and
the sun, Plato placed them beyond the sun, the order being,
Moon, Sun, Mercury, Yenus, Mars, Jupiter, Saturn.

Ilipparchus and Ptolemy made a series of investigations re-
specting the times of revolution of the planets, and the inequal-
ities of their motions, of which it is worth while to give a brief

Ml \

[ 1
"'! ^ji'

;i



42 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

I
;;!

summary. The former was no doubt an abler astronomer than

Ptolemy ; but as he was, so far as we know, the first accurate

observer of the celestial motions, he could not make a suf-

ficiently long series of observations to determine all the peri-

ods of tlie planets. Ptolemy had the advantage of being able

to combine his own observations with those of Ilipparchus,

three centuries earlier.

Imperfect though their means of observation were, these

observers found that the easterly movements of the planets

among the stai-s were none of them uniform. This held true

not only of the sun and moon, but of the fictitious planets

already described. Hence they

invented the eccentric, and sup-

posed the motions to be really cir-

cular and uniform, but in circles

not centred in the earth. In Fig.

13, let E be the earth, and C the

centre around which the planet

really revolves. Then, when tiie

planet is passing the point P,
which is nearest the earth, its an-

gular motion would seem more

rapid than the average, because
Pig. 13.—The eccentric. Shows how . i .i ^ i -^

the nucieiits represented the unequal 1" general the angular VCloClty
apparent velocities of the planets of a moving bodv is greater the
when their real motion was supposed °

. . , .,

uniform, by placing the earth away nearer the observer IS to it, while
from the centre of motion, at E.

^^]^g„ passiug A it wiU Seem tO be

more slow than the average. The angular velocity being

always greatest in one point of the orbit, and least in a point

directly opposite, changing regularly from the maximum to

the minimum, the general features of the movement are cor

rectly represented by the eccentric. By comparing the angu-

lar velocities in different points of the orbit, Ilipparchus and
Ptolerny w^ere able to determine the supposed distance of the

earth from the centre, or rather the proportion of this distance

to the distance of the planet. The distance thus determined

is double its true amount. The point P is called the Perigee,
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and A the Apogee. The distance CE from the earth to the
centre of motion is the eccentricity. As there was no way of
deternnning the absolute dimensions of the orbit, it was neces.
saiy to take the ratio of CE to the radius of the orbit CP or
VJi tor the eccentricity.*

In determining the motions of the moon, Ilipparchus and
Ptolemy depended almost entirely on observations of lunar
eclipses The first of these, it is said, was observed at Babylonm the first year of Mardocempad, between the 29th and 30th
days of the Egyptian month Thoth. It commenced a little
more than an hour after the moon rose, and was total. The
date, m our reckoning, was b.c. 720, March 19tli. The series
of echpses extended from tliis date to that of Ptolemy him-
self, who lived between eight and nine centuries later. If the
observations of these eclipses had been a little more precise,
they M^ould still be of great value to ns in fixing the mean
motion of the moon. As it is, we can now calcufate the cir-
cumstanccs of an ancient eclipse from our modern tables of
he sun and moon almost as accurately as any of the ancient
astronomers could observe it.

Notwithstanding the extremely imperfect character of the
observations, both Ilipparchus and Ptolemy made discoveries
respecting the peculiarities of the moon's motions which show
a most surprising depth of research. By comparing the inter-
vals between eclipses they found that her motL v^s nonuni-
form, but hat, like the sun, she moved faster in some parts ofher orbit than in others. To account for this, they sLosed

stead of being m the centre of the circular orbit of the moon,was supposed to be displaced by about a tentii part the whole

at of the sun and the fictitious planets, except that its eccen-
tucity was greater. But a long series of observations sliowed

,•'
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that the perigee and apogee did not, as in the case of the sun

and planets, remain in the same points of the orbit, but moved
forwards at sucli a rate as to carry them round the heavens in

nine yeai*s ; tliat is, supposing Fig. 13 to represent the orbit of

the moon, tlie centre of the circle C revolved round the earth

in nine years, and the orbit changed its position accordingly.

It was also found by Ptolemy, by measuring the apparent

angle between the moon and sun in various points of the

orbit of the former, that there was yet another inequality in

her motion. This has received the name of the evection. In

consequence of this inequality, the moon oscillates more than

a degree on each side of her position as calculated from the

eccentric, in a period not differing much from her revolution

round the earth. To represent this motion, Ptolemy had to

introduce a small additional epicycle, as in the case of tlie

planets, only the radius was so small that there was no loopiug

of the orbit. In consequence, his theory of the moon's motion
was quite complicated; yet he managed to represent this mo-
tion, within the limits of the errors of his observations, by a

combination of circular motions, and thus saved the favorite

theory of the times, that all the celestial motions were circular

and uniform.

§ 8. The Calendar.

One of the earliest purposes of the study of the celestial

motions was that of finding a convenient measurement of

time. This application of astronomy, being of great antiquity,

having been transmitted to us without any fundamental altera-

tion, and depending on the apparent motions of the sun and
moon, which we have studied in this chapter, is naturally coii-

siderfd in connection with the ancient astronomy.

The astronomical divisions of time are the day, the month,
and the year. The week is not such a division, because it does
not correspond to any astronomical cycle, although, as we shall

presently see, a certain astronomical signification was said to

have been given to it by the ancient astrologers. Of these

divisions the day is the most well-marked and striking through
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out the habitable portion of the globe. Had a people lived at
or near the poles, it would have been less sti-iking tlian the year.
But wherever man existed, there was a regular alternation of
day and iiiglit, with a corresponding alternation in his physical
condition, both occurring with such regularity and uniformity
as to furnish in all ages the most definite unit of time. For
merely chronological purposes the day would have been the
only unit of time theoretically necessary; for if mankind had
begun at some early age to number every day by counting
from 1 forwards without limit, and had every historical event
been recorded in connection with the number of the day on
which it happened, there would have been far less uncertain-
ty about dates than now exists. But keeping count of such
large nuuibers as would have accumulated in the lapse of cen-
turies would have been very inconvenient, and a simple count
of time by days has never been used for the purposes of civil
life through any greater period than a single month.
Next to the day, the most definite and striking division of

time is the year. The natui-al year is that measured by the
return of the seasons. All the operations of agriculture are
80 intimately dependent on this recurrence, that man must
have begun to make use of it for measuring time long before
he had fully studied the astronomical cause on which it de-
pends. The years in the lifetime of any one generation not
being too numerous to be easily reckoned, the year was found
to answer every purpose of measuring long intervals of time.
The number of days in the yeai- is, however, too great to

be conveniently kept count of; an intermediate measure was
therefore necessary. This was suggested by the motion and
phases of the moon. The " new moon " being seen to emerge
from the sun's rays at intervals of about 30 days, a measure
of very convenient length was found, to which a permanent
interest was attache-^ by the religious rites connected with the
reappearance of the moon.
The week is a division of time entirely disconnected with

the month and year, the employment of which dates from the
Mosavc dispensation. The old astrologers divided the seven

4«tl
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days of the week among tlio seven ])lanet8, not in the order of

their distance from the sun, but in one shown by the follow-

ing figure. If we go round the circle in the direction oppo-

site that of the hands of a watch, we shall iind the names of

the seveii planets of the ancient astronomy in their supposed

order;* while, if we follow the lines dri^vn in the circle from

side to side, we shall have the days of tie week in their order.

^"^^

3«v^!;l^«
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%
Fig. 14.—Showing the nbtrological division of the seven planets among the days or the

week.

If the Innar month had been an exact number of days, say

30, and the year an exact number of months, as 12, there

would have been no difficulty in the use of these cycles for

the nieasuj'emcnt of time. But the former is several hours

less than 30 days, while the latter is nearly 12|^ lunar months.

In the attinnpt to combine these measures, the ancient calen-

* See pa/jes 40, 41.
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dare were thrown into a confusion wliich made thetn very per-

plexing, and which we see to this day in the irregular lengths
of our months. To describe all the devices which we know to

have been used for remedying these difficulties would be very
tedious; we shall therefore contine ourselves to their genera^
nature.

The lunar month, or the mean interval between successive
new moons, is very nearly 29^ days. In counting months by
the moon, it was therefore common to make their length 29
and 30 days, alternately. But the period of 29^ days is really

about three-quarters of an hour too short. In the course of
three years the count will therefore be a day in error, and it

will be necessary to add a day to one of the months. When
lunar months were used, the year, comprising 12 such months,
would consist of only 354 days, and would therefore be 11
days too short. Nevertheless, such a year was used both by
the Greeks and Eomans, and is still used by the Mahome-
tans

;
the Eomans, however, in the calendar of Nnma, addino-

22 or 23 days to every alternate year by inserting the inter-

calary month Mercedonius between the 23d and 24th of Feb-
ruary.

The irregularity and inconvenience of reckoning by lunar
months caused them to be very genejvilly abandoned, the only
reason for their retention being religious observances due at
the time of new moon, which, among tlie Jews and other an-
cient nations, were regarded as of the highest importance. Ac-
cordingly, we find the Egyptians counting by months of 30
days each, and making every year consist of 12 such months
and five additional days, making 365 days in all. As the true
length of the year was known to be about six houi-s greater
than this, the equinox would occur six hours later every year,
and a montli later after the lapse of 120 years. After the lapse
of 1430 years, according to the calculations of the time, each
season would have made a complete course through the twelve
months, and would then have returned once more at the same
time of year as in the beginning. This was termed the Sothic
Period; but the error of each year being estimated a little
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too great, as wo now know, tho true length of the period
would liavo been about 1500 years.

Tho confusion in tho Greek year was partly remedied
through the discovery by ''eton of the cycle which has since

borne his name. This cycle consists of 19 solar years, during
which the moon changes 235 times. Tho error of this cycle

is very small, as may be seen from the following periods, com-
puted from modern data

:

Diiyi, Houn. Mill.

23') lunations require in the mean ()9a'j ic ai
1!) true solar years (tropical) G!)39 14 27
li) Juliafl years of

30.'j:J days (;<)39 18 Q

Hence, if we take 235 lunar months, and divide them np as

nearly evenly as is convenient into 19 jears, the mean length

of these years will be near enough right for all the purposes
of civil reckoning. The years of each cycle were niuubered
from 1 to 19, and the number of the year was called the Gold-
en Number, from its having been ordered to be inscribed on
the monuments in letters of cold.

This is the only religious festival wiiich, in Christian coun«

tries, depends directly on the motion of the moon. The rule

for determining Easter is that it is the Sunday following the

first full moon which occui-s on or after the 2l8t of Marcli.

The dates of the full moon correspond to the Metonic Cycle

;

that is, after the lapse of 19 years they recur on or about the

same day of the year. Consequently, if we make a list of the

dates on which the Paschal full moon occurs, we shall find

no two dates to be the same for nineteen successive years;

but the twentieth will occur on the same day with the first,

or, at most, only one day different, and then the whole series

will be repeated. Consequently, the Golden Number for the

year shows, with sufiicient exactness for ecclesiastical purposes,

on what day, or how many days after the equinox, the Paschal
full moon occurs. T\\q church calculations of Easter Sunday
are, however, founded upon very old tables of the moon, so

that if we fixed it by the actual moon, we should often find

the calendar feast a week in error.
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The basis of the calemliii-8 now eini)loyed tliroiif,'liout Chris
teiulom was hiid by Julius Cajsar. Previous to his time, the
Konian calendar was in a state of great confusion, the nomi-
nal lengtii of the year depending very largely on the caiirice
of the ruler for the time being. It was, however, very well
known that the real length of the solar year was about 3(J5^.

days
;
and, in order that the calendar year might have the same

mean length, it was prescribed that the ordinary year should
consist of 305 days, but that one day should be added to every
fourth year. The lengths of the months, as we now have them,
were finally arranged by the innnediate successors of CtL'sar.

The Julian calendar continued unaltered for about sixteen
centuries

; and if the true length of the ti-opical year had been
305^ days, it would have been in use still. Cut, as we have
seen, this period is about 11^ minutes longer than the solar
year, a quantity which, rejieated every year, amounts to an en-
tire day in 128 years. Consequently, in the sixteenth century,
the equinoxes occurred 11 or 12 days sooner than they should
have occurred according to the calendai', or on the 10th in-
stead of the 21st of March. To restore them to their original
position in the year, or, more exactly, to their position at the
time of the Council of Nice, was the object of the Gregorian
reformation of the calendar, so called after Pope Gregory
XIII., by whom it was directed. The change consisted of
two parts

:

1. The 5th of October, 1582, according to the Julian calen-
dar, was called the 15th, the count being thus advanced 10
days, and the equinoxes made once more to occur about March
21st and September 21st.

2. The closing year of each century, 1600, 1700, etc., in-
stead of being each a leap-year, as in the Julian calendar,
should be such only when the number of the century was di-
visible by 4. While 1600, 2000, 2400, etc., were to be leap-
years, as before, 1700, 1800, 1900, 2100, etc., were to be re-

.

duced to 365 davs each.

This change in the calendar was soon adopted by the Catho-
lic countries, and, more slowly, by Protestant ones—England, j
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among the latter, holding out for more than a century, but

finally entering into the change in 1752. In Eussia it waa

[
never adopted at all, the Julian calendar being still continued

in that country. Consequently, the Russian reckoning is now
! 12 days behind ours, the 10 days' difference during the six-

i teouth and seventeenth centuries being increased by the days

dropped from the years 1700 and 1800 in the new reckoning.

j
The length of the mean Gregorian year is 365'' S'' 49™ 12'

;

while that of the tropical year, according to the best astronom-

ical determination, is ZQ^'^ 5i» 48'" 46^ The former is, there-

fore, still 26 seconds too long, an error which will not amount
to an entire day for more than 3000 years. If there were
any object in having the calendar and the astronomical years

in exact coincidence, the Gregorian year would be accurate

enough for all practical purposes during many centuries. In

fact, however, it is difficult to show what practical object is to

be attained by seeking for an}- such coincidence. It is im-

portant that summer and winter, seed-time and harvest, shall

occur at the same time of the year through several successive

generations; but it is not of the slightest importance that

they should occur at the same time now that they did 5000
years ago, nor would it cause any difficulty to our descendants

of 5000 years hence if the equinox should occur in the middle
of February, as would be the case should the Julian calendar

haw been continued.

The change of calendar met witii much popular opposition,

and it may hereafter be conceded that in this instance the

common sense of the people was more nearly right than the

wisdom of the learned. An additional complication was in-

troduced into the reckoning of time without any other real

object than that of making Easter come at the right time.

As the end of the century approaches, the question of making
1900 a leap-year, as usual, will no doubt be discussed, and it is

possible that some concerted action may be taken on the part of

leading nations looking to a return to the old mode of reckoning.

ii
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CHAPTER 11.

THE COPEENICAN SYSTEM, OK THE TRUE MOTIONS OF THE HEAV-
ENLY BODIES.

§ 1. Copernicus.

In the first section of the pre:jeding chapter we described

the apparent diurnal motion of the lieavens, whereby all the

heavenly bodies appear to be carried round in circles, thus

performing a revolution every day. Any observer u£ this mo-
tion who should suppose tlie earih to be flat, and the direction

we call downward everywhere the same, would necessarily re-

gard it as real. A very little kno^viedge of geometry would,
however, show him that the appearance might be accounted
for by supposing the earth to revolve. The seemingly fatal

objection against this view would be that, if such were the

case, the surface of the earth coni-i not remain level, and ev-

ery thing would slide away from its position. But it was im-

possible for men to navigate the ocean without perceiving the

rotundity of its surface, and we have no record of a time when
it was not known that the earth was round. We have seen

that Ptolemy not only was acquainted with the true figure of

tlie earth, but knew that in magnitude it was so much smaller

than the celestial spaces, or sphere of the heavens, as to be only

a point in comparison. He had, therefore, all tlie knowledge
necessary to enable him to see that the moving body was much
more likely to be the earth than to be the sphere of the heav-

ens. Nevertheless, he rejected the theory on obscure physical

grounds, as shown in the last chapter, the nntenability of which
would have been proved him by a few veiv simple pliysical ex-

periments. And although it is known that the doctrine of the

earth's motion Avas sustained by others in his age, notably by
Timocharis, yet the weight of his authoriiy was so great as

ill !
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not only to override all their arguments, but to carry liis views

through fourteen centuries of the intellectual history of man.

The history of astronomy during these centuries offers hard-

ly anything of interest to the general reader. There was no

telescope to explore the heavens, and no genius arose of suffi-

cient force to unravel the maze of their mechanism. It was

mainly through the Arabs that any systematic knowledge of

the science was preserved for the use of posterity. The as-

tronomers of this people invented improved methods of ob-

serving the positions of the heavenly bodies, and were thus

able to make improved tables of their motions. They meas-

ured the obliquity of the ecliptic, and calculated eclipses of

the sun and moon with greater precision than the ancient

Greeks could do. The predictions of the science thus gradu-

ally increased in accuracy, but no positive step was taken in

the direction of discovering the true nature of the apparent

movements of the heavens.

The honor of first proving to the world what the true theory

of the celestial motions is belongs almost exclusively to Coper-

nicus. It is true that we have some reason to believe that

Pythagoras taught that the sun, and not the earth, was the

centre of motion, and that he was, therefore, the first to solve

the great problem. But he did not teach this doctrine public-

ly, and the very vague statements of his private teachings on

this point which have been handed down to us are so mixed

up with the speculations which the Greek philosophers com-

bined with their views of nature, that it is hard to say with

precision whether Pythagoras had or had not fully seized the

truth. It is certain that no modern would receive the credit

of any discovery without giving more convincing proofs of the

correctness of his views than we have any reason to suppose

that Pythagoras gave to his disciples.

The great merit of Copernicus, and the basis of his claim to

the discovery in question, is that he was not satisfied with a

mere statement of his views, but devoted a large part of the

labor of a life to their demonstration, and thus placed them in

such a light as to render their ultimate acceptance inevitable.



COPERNICUS. 53

Apart from all questions of the truth or falsity of his theoi-y,

the great work in which it was developed, "/>6 lievolutionibus

Orbium Coelestium^^ would deservedly rank as the most im-

portant compendium of astronomy which had appeared since

Ptolemy. Few books have been more completely the labor of

a lifetime than this. Copernicus was born at Thorn, in Prus-

sia, in 1473, twenty years before the discovery of America,

but studied at the University of Cracow. He became an ec-

clesiastical dignitary, holding the rank of canon during a large

portion of his life, and finding ample leisure in this position

to pursue his favorite studies. He is said to have conceived of

the true system of the woi-ld as early as 1507. He devoted the

years of his middle life to the observations and computations

necessary to the perfection of his system, and communicated
his views to a few friends, but long refused to publish them,

fearing the popular prejuaice which might thus be excited.

In 1540, a brief statement of them was published by his friend

Rlieticus ; and, as this was favorably received, he soon con-

sented to the publication of his great work. The first printed

copy was placed in his hands only a few hours before his

death, which occurred in May, 1543.

The fundamental principles of the Copemican system are

embodied in two distinct propositions, which have to be proved

separately, and one of which might have been true without

the other being so. They are as follows

:

1. The diurnal revolution of the heavens is only an appar-

ent motion, caused by a diurnal revolution of the earth on an

axis passing through its centre.

2. The earth is one of the planets, all of which revolve

round the sun as the centre of motion. The true centre of

the celestial motions is therefore not the earth, but the sun.

For this reason the Copernican system is frequently spoken of

in historical discussions as the "heliocentric theory."

The first proposition is the one with the proof of which Co-

pernicus begins. He explains how an apparent motion may
result from a real motion of the person seeing, as well as from
a motion of the object seen, and thus shows that the diurnal
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motion may be accounted for just as well by a revolution of

the earth as by one of the heavens. To sailors on a ship sail-

ing on a smooth sea, the ship, and every thing in it, seems to be

at rest and the shore to be in motion. Which, then, is more

likely to be in motion, the earth or the whole universe outside

of it ? In whatever proportion the heavens are greater than

the earth, in the same proportion must their motion be more

rapid to carry them round in twenty -four hours. Ptolemy

himself shows that the heavens were so immense that the

earth was but a point in comparison, and, for any thing that

is known, they may extend into infinity. Then we should re-

quire an infinite velocity of revolution. Therefore, it is far

more likely that it is this comparative point that turns, and

that the universe is fixed, than the reverse.

The second principle of the Copernican system—that the

apparent annual motion of the sun among the stars, described

in § 3 of the preceding chapter, is really due to an annual revo-

lution of the earth around the sun—rests upon a very beautiful

result of the laws of relative motion. This movement of thr

earth explains not only this apparent revolution of the sun,

but the apparent epicyclic motion of the planets described in

treating of the Ptolemaic system.

In Fig. 15, let S represent the B\m,ABCD the orbit of the

earth around it, and the figures 1, 2, 3, 4, 5, 6, six successive

positions of the earth. These positions would be about two

weeks apart. Also, let EFOII represent the apparent sphere

of the fixed stai-s. Then, an observer at 1, viewing the sun in

the direction l/i^, will see him as if he were in the celestial

sphere at the point 1', because, having no conception of the

actual distance, the sun will appear to him as if actually among
the stars at V whir' lie in the same straight line with him.

When the earth, witu the observer on it, reaches 2, he will see

the sun in the direction 2*92', that is, as if among the stars in

2'. That is, during the two weeks' interval, the sun will ap-

parently have moved among the stars by an angle equal to the

actual angular motion of the earth around the sun. So, as the

earth passes through the successive positions 3, 4, 5, 6, the sun
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will appear in the positions 3', 4', 5', 6', and the motion of the

earth continuing all the way round its orbit, the sun will ap-

pear to move through the entire circle EFGIL Thus wo
have, as a result of the annual motion of the earth around the

sun, the annual motion of the sun around the celestial sphere
already described in the third section of the preceding chapter.

/F

Fio. 16.—Apparent annual motion of the sun explained.

Let US now see how this same motion abolishes the compli-

cated system of epicycles by which the ancient astronomers
represented the planetary motions. A theorem on which this

explanation rests is this : If an observer in unconscious mo-
tion sees an object at rest, that object will seem to him to be

moinng in a direction opposite to his own, and with an equal
velocity. A familiar instance of this is the apparent motion

D
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of objects on shore to passengers on a steamer. In Fig. 16,

let us suppose an observer on the earth cari-ied around the

sun S in the orbit ABCDEF,
„ -'-' --o, but iniaf^inins: himself at rest

in the centre of motion 8. Sup-

pose that lie observes the ap-

parent motiojx of the planet P,
which is really at rest. How
will the planet appear to move %

To show this, we represent ap
parent directions and motions

by dotted lines. Let us begin

with the observer at J., from

which position he really sees

the planet in the direction and
distance AP. But, imagining

himself at S, he thinks he sees

the planet at the point «, the

distance and direction of which

Sa is the same with AP. As

\]p he passes unconsciously from A
to B, the planet seems to him to

move past from a to i in the op-

posite direction ; and, still think-

ing himself at rest in 8, he sees

the planet in i, the line 8h be-
F.O. lO.-Showins how the apparent epl- j„f^ ^^^^^\ ^ud parallel tO BP.

cyclic molioii orthe planets is accounted o i r

for by the motion of the earth round the As he rCCcdcS from the plau-
'""•

et through the arc BCD, the

planet seems to recede from him through hcd. "While he
moves from left to right through BE, the planet seems to

move from right to left through de. Finally, as he approaches

the planet through the arc EFA, the planet will seem to ap-

proach him through efa, and when he gets back to yj he
will locate the planet at «, as in the beginning. Thus, in

consequence of the motictn of the observer around the circle

ABCBEF tlip planet, though really at rest, will fifujin to him

I ::

^
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to move thi'ongli a corresponding circle, ahcdef. If there are
a iminber of planets, they will all seem to describe correspond-
ii)g circles of the same magnitude.

If the planet P, instead of being at rest, is in motion, the
apparent circular motion will be combined with the forward
motion of the planet, and the latter will now describe a circle

around a centre which is in motion. Thus we have the appar-
ent motion of the planets around a moving centre, as already
described in the Ptolemaic system. We have said, in § 7 of
the preceding chapter, that by this system the motions of the
planets are represented by supposing a fictitious planet to re-

volve around the heavens with a regular motion, while the
real planet revolves around thi: ^loticious one as a centre once
a year. Here, the progressive motion of the fictitious planet
is {in the case of the outer planets Mars, Jupiter, and Sat-
urn) the motion of the realplanet around the sun, while the

circle which the realplanet describes around this moving cen-
tre is only a7i apparent motion due to the observer being car-
ried around the sun on the arth. If the reader will com-
pare the epicyclic motion of Ptolemy, represeiued in Figs. 10
and 11 with the motion explained in Fig. 16, he will find that
they correspond in every particular. In the case of the inner
planets. Mercury and Venus, which never recede far from the
sun, the epicyclic motion by which they seem to vibrate from
one side of the sun to the other is due to their orbital motion
around the sun, while the progressive motion with which they
follow the sun is due to the revolution of the earth around
the sun.

We may now see clearly how the retrograde motion and
stationary phases of the planets are explained on the Coper-
nican system. The earth and all the planets are really mov-
ing round the sun in a direction which we call east on the
celestial sphere. When the earth and an outer planet are
on the same side of the sun, they are moving in the same
direction; but the earth is moving faster than the planet.
Hence, to an observer on the earth, the planet seems to be
moving west, though its real motion is east. As the earth
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passes to the opposite side of the sun from the planet, it

chaiii';es its motion to a direction the opposite of that of tlie

planet, and thus the westerly motion of the latter appears to

be increased by the whole motion of the earth.* Between

these two motions there is a point at which the planet does

not seem to move at all This is called the stationary point.

If the planet we consider is not an outer, but an inner one,

Mercury or Venus, and we view it when between us and the

sun, its motion to us is revei-sed, because we see it from the

side opposite the sun. Hence it seems to move west to us,

and it is retrograde. The earth is indeed moving in the same

real direction; bat since the planet moves faster than the

earth, its retrograde motion seems to predominate. As the

planet passes round in its orbit, it first appears stationary,

and then, passing to the opposite side of the sun, it seems

direct.

Let, us now dwell for a moment on some considerations

which will enable us to do justice to the Ptolemaic system, as

it is called, by seeing how necessary a step it was in the evo-

lution of the true theory of the universe. The great merit of

that system consisted in the analysis of the seemingly compli-

cated motions of the planets into a combination of two circular

motions, the one that of a fictitious planet around the celestial

sphere, the other that of the real planet around the fictitious

one. Without that separation, the constant oscillations of tJie

planets back and forth could not have suggested any idea

whatever, except that of a motion too complicated to be ex-

plained on mechanical principles. But when, leaving out of

sight the regular forward motion of the mean or fictitious

planet, the attention was directed to the epicyclic motion

alone, one could not fail to see the remarkable correspondence

between tins latter motion and the apparent annual motion

of the sun. Seeing this, it took a very small step to see that

* It must not be forgotten that the direction east in the heavens is a curved di-

rection, as it were, and is opposite on opposite sides of the sun or celestial sphere.

For instance, the motions of the stars as they rise and as they set are opposite,

but both are considered W3st.

as our ir
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tlie sun, and not the earth, was the centre of planetary motion.
Then nothing but the ilhisions of sense remained to prevent
the acceptance of the tlieory that the earth was itself a planet
moving round the sun, and that both the annual motion of the
sun and the epicj-clic motion of the planets were not real, but
apparent motions, due to the motion of the earth itself; and
in no other way than this could the heliocentric theory have
been developed.

The Copernican system affords the means of determining <
the proportions of the solar system, or the relative distances o? /
the several planets, with great accuracy. That is, if we take/
as our measuring -rod the distance of the earth from the sun,)
\ye can determine how many lengths of this rod, or what frac-'

tional parts of its length, will give the distance of each planet,
although the length of the rod itself may remain unknown.
This determination rests on the principle that the apparent
circle or epicycle described by the planet in Fig. 16 is of the
same magnitude with the actual orbit described by the earth
around the sun. Hence, the nearer the observer is to this cir-

cle, the lai'ger it will appear. The apparent epicycle described
by Neptune is i-ather less than two degrees in radius ; that is,

the true planet Neptune is seen to swing a little less than two
degrees on each side of its mean position in consequence of
tiie annual motion of the earth round the sun. This shows
that the orbit of the earth, as seen from Neptune, s-.ibtends an
angle of only two degrees. On the other hand, the planet
Mars generally swings more than 40° on each side; sometimes,
indeed, more than 45°. From this a trigonometrical calcula^
tion shows that its mean distance is only about half as much
again as that of the earth; and the fact that the apparent
swing is variable shows the distance to be different at different
times.

As it will be of interest to see how nearly Copernicus was
able to determine the distances of the planets, we present his
results in the following table, together with what we now
know to be the true numbers. The numbers given are deci-
mal fractions, expressing the least and greatest distance of

ff
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each planet from the sun, the distance of the earth being taken

as unity.*

Plnueta.

1

Lbabt Bibtanop.. GrEATRBT Die"ANOE.

Copernicus. Modern,
j

Copernicus. Modern.

Mercury
Venus

0.32C
0.709

1.373

4.980

8.6G

0.308
0.718
1.382
4.9.^>2

9.00

0.405
l».

-"0

1.60(5

B.4r)3

9.7G

0.407
0.728
1.66(i

n.4.''.4

10.07

Mius
Jupiter

Saturn

I. -M
%

Considering the extremely imperfect means of observation

which the times afforded, these results of Copernicus come
very near the truth. The greatest proportional deviation is in

the case of Mercury, the most difficult of all the planets to

observe, even to the present day. It is said that Copernicus

died without ever seeing this planet.

The eccentricities of the orbits were represented by Coper-

nicus in a way which agrees exactly with the modern formulae

wiien only a rough approximation is sought for. Like Ptole-

my, he supposed the orbits o^ the planets not to be centred on

the sun, but to be displaced by a small quantity termed the

eccentricity. But it had long been known that the theory of

uniform motion in an eccentric circle, though it might make
the irregularities in the planet's angular motion come out 8^^

right, would make the changes of distance double their true

value. He therefore took for the eccentricity a mean between

that which would satisfy the motion in longitude, and that

which would give the changes of distance, and added a small

epicycle of one-third this eccentricity ; and, by supposing the

planet to make two revolutions in this epicycle for every

revolution around the sun, he represented both irregulari-

ties.f

* I have deduced these numbers from the tables given in Book V. of "De
Revohitionibus Orbium Coelestium." They are probably the most accurate that

Copernicus was able to obtain.

t The mathematical form of this theory of Copernicus is as follows : Putting

.1 I
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The work of Copernicus was the greatest step ever taken in

astronomy. But he still took little more than the single step

of showing what apparent motions in the heavens were real,

and what were due to the motion of the observer. Not only
was his work in other respecits founded on that of Ptolemy,
hut he had many of the notions of the ancient philosophy re-

specting the fitness of things. Like Ptolemy, he thought the
heavens as well as the earth to be spherical, and all the celes-

tial motions to be circular, or composed of circles. He argues
against Ptolemy's objections to the theory of the earth's mo-
tion, that that philosopher treats of it as if it were an enforced
or violent motion, entirely forgetting that if it exists it must
be a natural motion, the laws of which are altogether different

from those of violent motion. Thus, part of his argument was
really without scientific foundation, though his conclusion was
correct. Still, Copernicus did about all that could have been
done under the circumstances. His hypothesis of a small epi-

cycle one-third the eccentricity represented the motions of the
planets around the sun with all the exactness that observation
then admitted of, while, in the absence of any knowledge of
the laws of motion, it was impossible to frame any dynamical
basis '^or the motions of the planets.

§ 2. Obliquity of the Edi^ptio ; Seasons^ etc. ; on the Coj)er-

nican System.

We have next to explain the relations of the ec! ptic and
equator on the new system. Since, on this system, the ce-
lestial sphere does not revolve at all, what is the significance
of the pole and axis around which it seems to revolve ? The

e for his eecentiicity, and g or tho mean anomaly of the planet, he represented its

rectangular coordinates in the form

x = a (cos. g — e+^e cos. 2g),

y- a (sin. g + ^e sin, 2g) ;

while the approximate modern formulae of the elliptic motion are—

X — a (cos. g — %e-\- ^e cos. 2g),

y = a (sin. g + ^e sin. 2g),

which agree exactly when we put c = %e.
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answer is, tlmt tho celestial ])ole8 are the points among tfio stars

towards which the axis of the earth is directed. Hero the

stai-s are supposed to bo infinitely distant, and tho axis of tho

earth to be continued in an infinite straight lino to meet thcin.

Since this point appears to tiio unassisted sight to be the same

during tho entire year, it follows that as the earth moves round

tho sun, its axis keeps pointing in the same absolute direction,

as will be shown in Fig. 18. But in the preceding chapter wo

showed that there is a slow but constant change in the position

of the pole among the stars, called precession, which the an-

cient astronomers discovered by studying observations extend-

Fio. 17.—RelaUou of the terrestrial aud celestial poles aud equators,

ing through several centuries, and this shows that on the Co-

pernican system the direction of the earth's axis is slowly

changing.

To conceive of the celestial equator on the Copernican sys-

tem, we must imagine the globular earth to be divided into

two hemispheres by a plane intersecting the earth around its

equator, and continued out on all sides till it reaches the ce-

lestial sphere. This may, perhaps, be better understood by

referring to Fig. 17, representing the earth in the centre of the

i rA
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imn<,'iimry celestial splicro. The dotted linoa i)assing from the
poles of the earth to the points P and iS mark the poles of that
Bphere. It is evident that as the earth turns on this axis, the
celestial sphere, no matter how great it may seem to be, will

appear to turn on the same axis in the opposite direction.

Again, ep being the earth's equator, dividing it into two equal
l)iirt8, we have only to imagine it to be extended to i^fand Q,
all round the celestial sphere, to cut the latter into two equal
parts.

Let ns next examine more closely the relation of the earth
to the sun. We have already shown that as the earth mo\e8
u:ound the sun, the latter seems to move around the celestial

sphere, and the circle in which he seems to move is called the
ecliptic. But the ecliptic and the celestial equator are in-

clined to each other by an angle of about 23^°. This shows
that the axis of the earth is not perpendicular to its orbit, but

Pig. 18.—Cnusea of changes of seasons on the Copenilcnn system.

is inclined 23|° to that perpendicular, as shown in Fig. 18,
which represents the annual course of the earth round the
sun. It is of necessity drawn on a very incongruous scale,

because the distance of the sun from the earth being near-
ly 12,000 diameters of the latter and 110 that of the sun, both
bodies would be almost invisible if they were not greatly mag-
nified in the figure. A difiiculty which may suggest itself is,

that the present figure represents the earth as moving away
6
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from its position in the centre of the sphere. There are two

ways of avoiding this difficulty. One is to suppose that the

observer carries the imaginary celestial sphere with him as he

is carried around the sun ; the other is to consider the sphere

as nearly infinite in diameter. The latter is probably the

easiest mode of conception for the general reader. lie must,

therefore, in the last figure suppose the sphere to extend out

to the fixed stars, which are so distant that the whole orbit of

the earth is but a point in comparison; and the different points

of the sphere towards which the poles and the equator of the

fcp.'th point, as the latter moves round the sun, are so far as to

appear always the same. It now requires but an elementary

idea of the geometry of the sphere to see that these two great

circles of the celestial sphere—the ecliptic, around which the

sun seems to move, and the equator, which is everywhere

equally distant from the points in which the earth's axis in-

tersects the sphere—will appear inclined to each other by the

same angle by which the earth's axis deviates from the per-

pendicular to the ecliptic.

Next, we have to see how the changes of the seasons, the

equinoxes, etc., are explained on the Copernican tlieory. In

the last figure the earth is represented in four different posi-

tions of its annual orbit around the sun. In the position A,

the south pole is inclined 23^° towards the sun, while the

north pole, and the whole region watliin the arctic circle, is

enveloped in darkness. Hence, in this position, the sun nei-

ther rises to the inhabitants of the arctic zone, nor sets to

those of the antarctic zone. Outside of these zones, he rises

and sets, and the relative lengths of day and night at any

place can be estimated by studying the circles around which

that place is carried by the diurnal turning of the earth on its

axis. To facilitate this, we present on the following page a

magnified picture of the earth at A, showing more fully the

hemisphei-e in which it is day and that in which it is night.

The seven nearly horizontal lines on the globe are examples

of the circles in question. We see that a point on the arctic

circle just grazes the dividing-line between light and darkness

w
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once in its revolution, or once a day ; that is, the sun just

shows himself in the horizon once a day. Of the next circlo

towards the south about two-

thirds is in the dark, and one-

third in the light hemisphere.

This shows that the niMits are

about twice as lou<^ as the

days. Tin's circle is near that

around which London is carried

by the diurnal revolution of the

earth on its axis. As we tro

south, we see that the propor-

tion of light on the diurnal cir-

cles constantly increases, while Fig. lO.— Enlargcci view of the em-th in

, 1 . p 1 1 , . . . , the pogition A of the preceding fij'ure,
that Ot darkness diminishes, Un- showing winter in the northern henii.

til we reach the equator, where ^^^^^'^' '""^ summer in ths southern,

they are equal. When we pass into the southern hemisphere,

we see the light covering niore than half of each circle, the

proportion of light to darkness constantly increasing, at the

same rate that the opposite proportion would increase in going
to the noi-th. When we reach the antarctic circle, the whole
circle is in the light hemisphere, the observer just grazing the

dividing-line at midnight. Inside of that circle the observer
Is in sunlight all the time, so that the sun does not set at all.

We see, then, that at the equator the days and nights are al-

ways of the same length, and that the inequality increases as

we approach either pole.

We now go on th'-ee months to the position B, which the

earth occupies in March. Here the plane of the terrestrial

equator being continued, passes directly through the sun ; the

Matter, therefore, seems to be in the celestial equator. All the

diurnal circles are here one-half in the illuminated, and one-
half in the unilluminated hemisphere, the latter being invisi-

ble in the figure, through its being behind the earth. The
days and nights are, therefore, of equal length all over the
globe, if we call it m'ght whenever the sun is geometrically
below the horizon. In the position (7, which the earth takes
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in June, everything is the same as in position A, except that

effects are reversed in the two hemispheres. The northern

hemisphere now has the longest days, and the southern one

the longest nights. At D, which the earth reaches in Sep-

tember, the days and nights are equal once more, for the same

reason as in B. Thus, all the seemingly complicated phenom-

ena which we have described in the preceding chapter are

completely explained in the simplest way on the new system.

We have next to see how the details of the system were filled

in by the immediate successors of Copernicus.

§ 3. Tycho Brake.

"We have said that no great advance could be made upon

the Copernican system, without either a better knowledge of

the laws of motion or more exact observations of the positions

of the heavenly bodies. It was in the latter direction that

tlie adsance was first made. The leader was Tycho Brahe,

who was born in 1546, three years after the death of Coperni-

cus. His attention was first directed to the study of astron-

omy by an eclipse of the sun on August 21st, 1560, which was

total in some parts of Europe. Astonished that such a phe-

nomenon could be predicted, he devoted himself to a study of

the methods of observation and calculation by which the pre-

diction was made. In 1576 the King of Denmark founded

the celebrated Observatory of Uraniberg, at which Tycho

spent twenty years, assiduously engaged in observations of the

positions of the heavenly bodies with the best instruments that

could then be made. This was just before the invention of

the telescope, so that the astronomer could not avail himself

of that powerful instrument. Consequently, his observations

were superseded by the im v'>ved ones of the centuries fol-

lowing, and their celebrity and importance are principally due

to their having afforded Kepler the means of discovering his

celebrated laws of planetary motion.

As a theoretical astronomer, Tycho was unfortunate. He
rejected the Copernican system, for a reason which, in his day,

hud some force, namely, the incredible distance at which it
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was necessary to suppose the fixed stars to be situated if that

system were accepted. We have shown how, on the Ooperni-
can system, the outer planets seem to describe an annual revo-
lution in an epicycle, in consequence of the annual revolution
of the earth around the sun. The fixed stars, which are sit-

uated outside the solar system, must appear to move in the
same way, if the system be correct. But no observations,

whether of Tycho or his predecessors, had shown any such
motion. To this the friends of Copernicus could only reply
that the distance of the fixed stars must be so great that the
motion could not be seen, Since a vibration of three or four
miimtos of arc might have been detected by Tycho, it would
be necessary to suppose the stellar sphere at least a thousand
times the distance of the sun, and a hundred times that of Sat-

urn, then the outermost known planet. That a space so vast

should intervene between the orbit of Saturn and the fixed

stars seemed entirely incredible: to the philosophers of the
day it was an axiom that nature would not permit the waste of
space here implied. At the same time, the proofs given by
Copernicus that the sun was the centre of the planetary mo-
tions were too strong to be overthrown. Tycho, therefore,,

adopted a system which was a compound of the Ptolemaic
and the Copernican ; he supposed the five planets to move
around the sun as the centre of their motions, while the sun
was itself in motion, describing an annual orbit around the
earth, which remained at rest in the centre of the universe.

Perhaps it is fortunate for the reception of the Copernican
system that the astronomical instruments of Tycho were not
equal to those of the beginning of the present century. Had
he found that there was no annual parallax among the stars

amounting to a second of arc, and therefore that, if Coperni-
cus was right, the stars must be at least 200,000 times the dis-

,

tance of the sun, the astronomical world might have stood (

aghast at the idea, and concluded that, after all, Ptolemy must
be right, and Copernicus wrong.
Tycho never elal^orated his system, and it is hard to say

how he would have answered the numerous objections to it.
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68 SYSTEM OF THE WOULD UISTORICA LLY DEVELOPED.

He never had any disciples of eminence, except among the

ecclesiastics ; in fact, the invention of the telescope did away

with the last remaining doubts of the correctness of the Co-

pernican system before a new one would have had time to

gain a foothold.

§ 4. Kepler.—His Laivs of Planetary Motion.

Kepler was born in 1571, in Wiirtemberg. He was for a

while the assistant of Tycho Brahe in his calculations, but was

too clear-sighted to adopt the curious system of his master.

Geeing the truth of the Copernican system, he set himself to

determine the true laws of the motion of the planets around

the sun. We have seen that even Copernicus had adopted the

ancient theory, tliat all the celestial motions are compounded

of uniform circular motions, and had thus been obliged to in-

troduce a small epicycle to account for the irregularities of

the motion. The observations of Tycho were so much more

accurate than those of liis predecessors, that they showed Kep-

ler the insufficiency of this theory to represent the true mo-

tions of the planets around the sun. Tlie planet most favora-

ble for this investigation was Mars, being at the same time

one of the nearest to the earth, and one of which the orbit

was most eccentric. The only way in which Kepler could

proceed in his investigation was to make various hypotheses

respecting the orbit in which the planet moved, and its velocity

in various points of its orbit, and from these hypotheses to. cal-

culate tha positions and motions of the planet as seen from

the earth, and then compare with observations, to see whether

the observed and calculated positions agreed. As our modern

tables of logarithms by which such calculations are immensely

abridged were not then in existence, each trial of an hypothe-

sis cost Kepler an immense amount of labor. Finding that

the form of the orbit was certainly not circular, but elliptical,

he was led to try the effect of placing the sun in the focus of

the ellipse. Then, the motion of the planet would be satisfied

if its velocity were made variable, being greater the nearer

it was to the sun. Thus he was at length led to the first two
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of his three celebrated laws of planetary motion, Tv;iicli are as

follows

:

1. The orbit of each planet is an ellipse, having the sun in

onefocus.

^2. As theplanet moves round the sun, its radius-vector (or

the line joining it to the sun) passes over equal areas in

equal times.

To explain these laws, let PA (Fig. 20) be the ellipse in

which the planet moves. Then the sun will not be in the ijen-

Fio. 20.—Illustrating Kepler's first two laws of planetary motion.

tre of the ellipse, but in one focus, say at S, the other focus

being empty. When the planet is at P, it is at the point near-

est the sun; this point is therefore called \hQ perihelion. As
it passes round to the other side of the sun, it continues to re-

cede from him till it reaches the poin' A, when it attains its

greatest distance. This point is the aphelion. Then it begins

to approach the sun again, and continues to do so till it reaches

P once more, when it again begins to repeat the same orbit.

It thus describes the same ellipse over and over.

Now, suppose that, starting from P, we mark the position

of the planet in its orbit : n the end of any equal intervals of

time, say 30 days, 60 (^ays, 90 days, 120 days, and so on. Let

a, 5, c, d be the first four of these positions between each of

which the planet has required 30 days to move. Draw lines

from each of the five positions of the planet, beginning at P,
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to the sun at S. We shall thus have four triangular spaces,

jver each of which the radius-vector of the planet has swept

in 30 days. The second law of Kepler means that the areas

of all these spaces will be equal to vaAx other.

The old theory that the motions of the heavenly bodies must

be circular and uniform, or, at least, composed of circular and

uniform motions, was thus done away with forever. The el-

lipse took the place of the circle, and a variable motion the

place of a uniform one.

Another law of planetary motion, not less important than

these two, was afterwards discovered by Kepler. Copernicus

knew, what had been surmised by the ancient astronomers,

that the more distant the planet, the longer it took it to per-

form its course around the sun, and this not merely because it

had farther to go, but because its motion was really slower.

For instance, Saturn is u^out 9|- times as far as the earth, and

if it moved aa fast as the earth, it would perform its revolu-

tion in 9| years ; but it actually requires between 29 and 30

years. It does not, therefore, move one-tliii-d so fast as the

ea)'th, although it lias nine times as far to go. Copernicus,

however, never detected any relation between the distances

and the periods of revolution. Kepler found it to be as fol-

lows :

Third laio of planetary motion. The square of the time

of revolution of each planet is proportional to the cube of
its ynean distance from the sun.

This law is shown in the following table, whicli gives (1)

the mean distance of each planet known to Kepler, expressed

in astronomical units, each unit being the mean distance of

Planets.

Mercury
Venus...

E-irth...

Mars....

Jupiter..

Saturn..

(1)

Distance.

0.387

0.723
1.000
1..524

5.203
9.539

(2) (3)

Cube of Die- Period
ta-.ice. (Years).

0.0.58 0.^41

0.378 0.C15

1.000 1.000

3.540 1.881

140.8 11.86

868.0 29.46

(4)

Square of
Period.

0.058

0.378
1.001
3..-.38

140.06

867.9
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the earth from the snn
; (2) the cube of this quantity

; (3) the
time of revolution in years; and (4) the square of this time.
The remarkable agreement between the second and fourth

columns will be noticed.

§ 5. From Kepler to Newton.

So far as the determination of the laws of planetary motion
fi-om observation was concerned, we might almost say that
Kepler left nothing to be done. Given the position and
magnitude of the elliptic orbit in which any planet moved
and the point of the orbit in which it was found at any
date, and it became possible to calculate the position of the
planet in all future time. More than that science could not
do. It is true that the places of the planet thus predicted
were not found to agree exactly Avith observation ; and had
Kepler had at his command observations as accurate as those
of the present day, he would have found that his laws could
not be made to perfectly represent the motion of the jilanets.
^ot only would the elliptic orbit have been found to vary its
position from century to century, but the planets would have
been found to deviate from it, first in one direction and then
HI the other, wliile the areas described by the radius-vector
would have been sometimes larger and sometimes smaller.
Why should a planet move in an elliptic orbit? Why should
Its radius- vector describe areas proportio.ia> to tho time?
Why should there be that exact relation bciweon their dis-
tances and times of revolutions? Until these questions were
answered, it would have been impossible to say why the plan-
ets deviated from Kepler's laws; and they were questions
which It was impossible to answer until the general laws of
motion, unknown in Kepler's time, were fully understood.
The first important step in the discovery of these laws was

taken by Galileo, the great contemporary of Kepler, one of
the inventors of the telescope, and the first who ever pointed
that instrument at the heavens, From a scientific point of
view, as inventor of the telescope, founder of the science of
dynamics, teacher and upholder of the Copernican system, and
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sufferer at the hands of the Inquisition, for promulgating what

he knew to be the truth, Galileo is perhaps the most interest-

ing character of his time. If any serious doubt could remain

of the correctness of the Copernican system, it was removed

by the discoveri'^s made by the telescope. The phases of

Venus showed th.U she was a dark globular body, like the

earth, and that she really revolved around the sun. In Jupi-

ter and his satellites, the solar system, as described by Coperni-

cus, was repeated on a small scale with a fidelity which could

not fail to strike the thinking observer. There was no longer

any opposition to the new doctrines from any source entitled

to res^dct. The Inquisition forbade their promulgatioii as

abs >lute truths, but were perfectly willing that they should be

used as hypotheses, and rather encouraged men of science in

the idea of investigating the interesting mathematical prob-

lems to which the explanation of the celestial motions by the

Copernican system might give rise. The only restriction was

that they must stop short of asserting or arguing the liypothe-

ses to be a reality. As this assertion was implicitly contained

in several places in the great work of Copernicus, they con-

demned this work in its original form, and ordered its revi-

sion.* Probably the decree of the Inquisition was entirely

without effect in stopping the reception of the Copernican

system outside of Italy and Spain.

It will be seen, from what has been said, that the next step

to be taken in the direction of explaining the celestial motions

must be the discovery of some general cause of those motions,

or, at least, their reduction to some general law. The first

attempt to do this was made by Descartes in his celebrated

theory of vortices, which for some time disputed the field with

Newton's theory of gravitation. This philosopher supposed

the sun to be immersed in a '^'ast mass of fluid, extending in-

definitely in every direction. The sun, by its rotation, set the

* The order for (his revision was made at the time of condemning Galileo's

work, but I am not aware that it was ever executed. An edition of Copernicus,

revised to satisfy the Inquisition, would certainly be an interesting work to the

astronomical bibliopole at the present time.

iff
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parts of the fluid next to it in rotation ; these coinmiinicated
their motions to the parts still farther out, and so on, until
the whole mass was set in rotation like a whirlpool. The
planets were carried around in this ethereal whirlpool. The
more distant planets moved more slowly because the ether
was less affected by the rotation of the snn the more distant
it was from him. In the great vortex of the solar system
were smaller ones, each planet being the centre of one ; and
thus the satellites, floating in the ether, were carried round
their primaries. Had Descartes been able to show that the
parts of his vortex must move in ellipses having the sun in
one focus, that they must describe equal areas in equal times,
and that the velocity must diminish as we recede from the
sun, according to Kepler's third law, his theory would so far
have been satisfactory. Failing in this, it cannot be regarded
as an advance in science, but rather as a step backwards. Yet,
the great eminence of the philosopher and the number of his
disciples secured a wide currency for his theory, and we find
it supported by no less an authority than John Bernoulli.

After Galileo, the man who, perhaps, did most to prepare
the Avay for gravitation was Huyghens. As a mathematician,
a mechanician, and an observer, he stood in the first rank,
lie discovered the laws of centrifugal force, and if he had t

simply applied these laws to the solar system, he would have

)

been led to the result that the planets are held in flieir orbits
by a force varying as the inverse square of their distance from
the sun. Having found this, the road to the theory of gravita-
tion could hardly have been missed. But the great discovery
seemed to require a mind freshly formed for the occasion.
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CHAPTER III.

UNIVER8AI- GKAVITATION.

§ 1. Neioton.—Discovery of Oravitation.

The real significance of Newton's great discovery of univer'

sal gravitation is fully appreciated by but few. Gravitation

is generally thought of as a mysterious force, acting only be-

tween the heavenly bodies, and first discovered by Newton.

Ilad gravitation itself been discovered by Newton as some

new principle to account for the motions of the planets, it

would not have been so admirable a discovery as that which

he actually made. Gravitation, in a somewliat limited sphere,

is known to all men. It is simply the force which causes

all heavy bodies to fall, or to tend towards the centre of the

earth. Every one who had ever seen a stone fall, or felt it to

bo heavy, knew of the existence of gravitation. What New-

ton did ^vas to show that the motions of the planets were

determined by a universal force, of which the force which

caused the apple to fall was one of the manifestations, and

thus to deprive the celestial motions of all the mystery in

which they had formerly been enshrouded. To his predeces-

sors, the continuous motion of the planets in circles or ellipses

was something so completely unlike any motion seen on the

surface of the earth, that they could not imagine it to be gov-

erned by the same laws ; and, knowing of no law to limit the

planetary motions, the idea of the heavenly bodies moving in

a manner which set all the laws of terrestrial motion at de-

fiance was to them in no way incredible.

The idea of a cosmical force emanating from thd sun or the

earth, and causing the celestial motions, did not originate with

Newton. We have seen that even Ptolemy had an idea of a

force which, always directed towards the centre of the earth.
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or, wliich was to liim the satiie tliin<,', towards the centre of
the univei^e, not only caused lieavy bodies to fall, but bound
tiie whole universe together. Kepler also maintained that the
force which moved the planets resided in, and emanated from,
the sun. But neither Ptolemy nor Kepler could give any ade-
quate explanation of the force on the basis of laws seen in ac-
tion around us; nor was it possible to form any conception of its

true nature without knowledge of the general laws of motion
and force, to which neither of these philosophers ever attained.
The great misapprehension which possessed the minds of

nearly all mankind till the time of Galileo was, that the con-
tinuous action of some force was necessary to keep a moving
body in motion. That Kepler himself was fully possessed of
this notion is shown by the fact that he conceived a force act-
ing only in the direction of the sun to be insufficient for keep-
ing up the planetary motions, and to require to be supplement-
ed by some force which should constantly push the planet
ahead. The letter force, he conceived, might arise from the
rotation of the sun on his axis. It is hard to say who was the
iirtit clearly to see and announce that this notion was entirely
incorrect, and that a body once set in motion, and acted on by
no force, would move forwards forever— so gradually did the
groat truth dawn on the minds of men. It must have been
obvious to Leonardo da Vinci ; it was implicitly contained in
Galileo's law of falling bodies, and in Huyghens's theory of
central forces; yet neither of these philosophers seems to have
clearly and completely expressed it. We can hardly be far
wrong in saying that Newton was the first who clearly laid
down this law in connection with the correlated laws which
cluster around it. The basis of Newton's discovery were these
three laws of motion :

First law. A body once set in motion and acted on by no force
ivill move forwards in a straight line and with a uniform velocity
Jcrever.

Second law. If a moving body be acted on by any force, its de-
viation from the motion defined in the first law will be in the direc-
tion of the force, and proportional to it. i
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Third law. Action and reactmi are equals and in opposite di-

rections ; that is, whenever any one body exerts a fo^xe on a second

one. the latter exerts a similarforce on the first, only in the opposite

direction.

The first of these laws is the fundamental one. The cir-

cumstance which impeded its discovery, and set man astray

for many centuries, was that there was no body on the earth's

surface acted on by no force, and therefor'? no example of a

body moving in a continuous straight line. Every body on

which' an experiment could be made was at least acted on by

the gravitation of the earth—that is, by its own weight—and,

in conse pence, soon fell to the earth. Other forces which im-

peded its motion were friction and the resistance of the air.

It needed research of a different kind from what the prede-

cessors of Galileo had given to physical problems to show that,

but for these forces, the body would move in a straight line

without hinderance.

We are now prepared to understand the very straightfor-

ward and simple way in which Newton ascended from what
he saw on the earth to the great principle with which his

name is associated. We see that there is a force acting all

over the earth by which all bodies are drawn towards the

earth's centre. This force extends without sensible diminu-

tion, not only to the tops of the highest buildings, but of the

highest mountains. How much higher does it extend ? Why
should it not extend to the moon ? If it does, the moon would

tend to drop to the earth, just as a stone thrown from the

hand does. Such being the case, why should not this simple

force of gravity be the force which keeps the moon in her

orbit, and prevents her from flying off in a straight line under

the first law of motion ? To answer this question, it was nec-

essary to calculate what force was requisite to retain the moon
in her orbit, and to compare it with gravity. It was at- that

time well known to astronomers that the distance of the moon
was sixty semidiameters of the earth. Newton at first sup-

posed the earth to be less than 7000 miles in diameter, and

consequently his calculations failed to lead him to the right
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result. This was in 1665, when he was only twenty -three
years of age. He laid aside his calculations for nearly' twenty
years, when, learning that the measures of Picard, in France
showed the earth to be one-sixth larger than he had supposed'
he again took up the subject. He now found that the deflec'
tion of the orbit of the moon from a straight line was such as
to amount to a fall of sixteen feet in one minute, the same dis-
tance which a body falls at the surface of the earth in one
second. The distance fallen being as the square of the time,
"^ oZf^' *^^ ^""'"^^ °*' gravity at the surface of the earth
was 3600 times as great as the force which held the moon in
her orbit This number was the square of 60, which expresses
the number of times the moon is more distant than we are
from the centre of the earth. Hence, the force which holds the
moon m her orbit is the same as that which makes a stone fall onlydmmM in the inverse square of the distance from the centre of
Ilia G(XTZrt%

To the mathematician the passage from the gravitation of an
apple to that of the moon is quite simple ; but the non-mathe-
matical reader may not, at first sight, see how the moon can bo
constantly falling towards the earth without ever becoming any
nearer. The following illustration will make the matter cdear

:

any one can understand the law of falling bodies, by which a
body falls sixteen feet the first second, three times that distance
he next, five times the third, and so on. If, in place of falling,
the body be projected horizontally, like a cannon-ball, for et
ample, it will fall sixteen feet out of the straight line in which
It IS projected during the first second, three times that distance
the next, and so on, the same as if dropped from a state of
rest. In the annaxed figure, let AB represent a portion of
the curved surface of the earth, and AD a straight line hori-
zontal at J, or the line along which an observer at A would
s^ght If he set a small telescope in a horizontal position.
Ihen, owing to the curvature of the earth, the surface will
tall away from this line of sight at the rate of about eight
inches m the first mile, twenty-four inches more in the second
mile, and so on. In five miles the fall will amount to sixteen
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feet. In ten miles, in addition to this sixteen feet, three times

that amount will be added, and so on, the law being the same

Fio. 21—niustiutiug the fall of the moon towards the earth.

with that of a falling body. Now, let J. C be a high steep

mountain, from the summit of which a cannon-ball is fired in

the horizontal direction CE. The greater the velocity with
which the shot is fired, the farther it will go before it reaches

the ground. Suppose, at length, that we should fire it with
a velocity of five miles a second, and that it should meet with

no resistance from the air. Suppose e to be the point on the

line five miles from C. Since it would reach this point in one
second, it follows, from the law of falling bodies just cited,

that it will have dropped sixteen feet tielow e. But we have
just seen that the earth itself curves away sixteen feet at this

distance. Hence, the shot is no nearer the earth than when it

was fired. During the next second, while the ball would go to

E, it would fall forty-eight feet mo. or sixty-four feet in all.

But here, again, the earth has still been rounding off, so the

distance DB is sixty-four feet. Hence, the ball is still no near-

er the earth than when it was fired, although it has been drop-

ping away from the line in which it was fired exactly like a
falling body. Moreover, meeting with no resistance, it is still

going on with undiminished velocity; and, just as it has been
falling for two seconds without getting any nearer the earth,

so it can get no nearer in the third second, nor -in the fourth,

nor in any subsequent second ; but the earth will constantly

curve away as fast as the ball can drop. Thus the latter will

pass clear round the earth, and come back to the first point Ci
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from which it started, in the direction of the arrow, witliout
any loss of velocity. The time of revolution will be about an
hour and twenty-four minutes, and the ball will thus keep on
revolving round the earth in this space of time. In other
words, the ball will be a satellite of the earth, just like the,
moon, only much nearer, and revolving mucli faster.

Our iiext step is to extend gravitation to other bodies than
the earth. The planets move around the sun as the moon
does around the earth, and must, therefore, be acted on by a
force directed towards the sun. This force can be no other
than the gravitation of the sun itself. A very simple calcula-
tion from Kepler's third law shows that the force with which
each planet thus gravitates towards the sun is inversely as the
square of the mean distance of the planet.

Only one more step is necessary. What sort of an orbit
will a planet describe if acted on by a force di- 'ted towards
the sun, and invereely as the square of the distance ? A very
simple demonstration will show that, no matter wliat the law
of force, if it be constantly directed towards tlie sun, the radi-
us-vector of the planet will sw^ep over equal areas in equal
times. And, conversely, it cannot sweep over equal areas in
equal times if the force acts in any other direction than that
of the sun. Hence it follows, from Kepler's second law, that
the force is directed towards the sun itself.

The problem of determining what form of orbit would be
described was one with which very few mathematicians of
that day were able to grapple. Newton succeeded in proving,
by a rigorous demonstration, that the orbit would be an el-

lipse, a parabola, or a hyperbola, according to circumstances,
haying the sun in one of its foci, which, in the case of the
ellipse, was Kepler's first Jaw. Thus, all mystery disappeared
from the celestial motions, and the planets were shown to be
simply heavy bodies moving according to the same laws we
see acting all around us, only under entirely different circum-
stances. All three of Kepler's laws were expressed in the sin-
gle law of gravitation towards the sun, with a force acting in-
versely as the square of the distance.
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Very beautiful is the explanation which gravity gives of

Kepler's third law. We have seen that if we take the cubes

of the mean distances of the several planets, and divide them

by the square of the times of revolution, tliO quotient will be

the same for each planet of the system. If we proceed in the

same way with the satellites of Jupiter, cubing the distance

of each satellite from Jupiter, and dividing the cube by the

square of the time of revolution, the quotient will be the same

for each satellite, but will not be the same as for the planets.

This quotient, in fact, is proportional to the mass or -.veight of

the central body. In the case of the planets it is 1050 times

as great as in the case of the satellites of Jupiter. This shows

that the sun is 1050 times as heavy as Jupiter. We thus have

a very convenient way of "weighing" such of the planet« as

have satellites, by measuring the orbits of the satellites, and

determining the times of their revolution. But the weight is

not thus expressed in tons, but only in fractions of the mass

of the sun.

The law, however, is not yet complete. The attraction be-

tween the sun and planets must, by the third law of motion,

be mutual. If the earth attracts the moon, she must, if the

law be a general one, attract the planets also, and the planets

must attract each other, and thus alter their motions around

the sun. Now, it is known from observation that the planets

do not move in exact accordance with Kepler's laws. The

final question, then, arises whether the attraction of the plan-

ets on each other fully and exactly accounts for the deviations.

This question Newton could answer only in an imperfect way,

the problem being too intricate for his mathematics. He was

able to show that the attraction of the sun would cause ine-

qualities ill the motion of the moon of the same nature as

those observed, but he could not calculate their exact amount.

Still, the general correspondence of his theory with the mo-

tions of the heavens was so striking that there ought not to

be any doubt of its truth. Very remarkable, therefore, is it

to see the French Academy of Sciences, as late as 1732—more

than forty years later—awarding a prize to John Bernoulli, the

11|
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celebrated mathematician, for a paper in which the motions
of the planets were explained on the theory of vorticca. It
should not be inferred from this that that justly celebrated
body still considered that theory to be co.-rcct; but we may
infer that they still considered it an open question whether
the theory of gravitation was covrect.

To express Newton's ther^iy with completeness, it is not suf-
ficient to say simply that the sun, earth, and planets attract
each other. Divide matter as finely as we mav, we find it
still posseosing the power of attraction, because it has weight.
Since the earth attracts the smallest particles, they must*by
the third law of motion, attract the earth with equal force.
Hence we conclude that the power of attraction i-esides, not
in the earth as a whole, but in each individual particle of the
matter composing it

; that is, the attraction of the earth upon
a stone is simply the sum total of the attractions between the
stone and all the particles composing the earth.
There is no known limit to the distance to which the at-

traction of gravitation extends. The attraction of the sun
upon the most distant known planets, Uranus and Neptune,
shows not the slightest variation from the law of Newton!
But, owing to the rapid diminution with the distance to which
the law of the inverse square gives rise when we take distances
so immense as those which separate us from the fixed stars,
the gravitation even of the sun is so small that a million'
years would be required for it to pi-oduce any important ef-
fect. We are thus led to the law of universal gravitation, ex-
pressed as follows

:

M-er-y particle of matter in the universe attracts every other par-
ticle with a force directly as their masses, and inversely as the
square of the distance ivhich separates them.

§ 2. Gravitation of Small Masses.—Density of the Earth.

To make perfect the proof that gravity does really reside
in each particle of matter, it was desirable to show, by actual
experiment, that isolated masses did really attract each other,
as required by Newton's law. This experiment has been

.is0^^''
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made in various ways with entire success, the object, howev-

er, being not to prove the existence of tho attraction, but to

measure the mean density of the earth, which admits of be-

ing thus determined. The attraction of a sphere upon a point

at its surface is shown, mathematically, to be the same as if

the entire mass of the sphere were concentrated in its centre.

It is, therefore, directly as the total amount of matter in the

sphere, that is, its weight, and inversely as the square of its

radius. Let us, then, compare the attraction of two spheres of

the same material, of which the diameter of the one is double

that of the other. The larger will have eight times the bulk,

and therefore eight times the mass, of the smaller. But

against this is the disadvantage that a particle on its surface

is twice as far from its centre as in the case of the smaller

sphere, which causes a diminution of one -fourth. Conse-

quently, it will attract such a particle with double the force

that the smaller sphere will ; that is, the attractions are direct-

ly as the diameters of the spheres, if the densities are equal.

If the densities are not equal, the attraction is proportional to

the product of the density into the diameter.

The diameter of the earth is, in round numbers, forty millions

of feet. Consequently, the attraction of a sphere of the same

mean density as the earth, but one foot in diameter, will be

Tu-ooo-o-oir part the attraction of the earth ; that is, 40 oio ooo
the weight of the body attracted. Consequently, if we should

measure the attraction of such a sphere of lead, and find that

it was just 40 000 ooo that of the weight of the body attracted,

we would conclude that the mean density of the earth was

equal to that of lead. But the attraction is actually found

to be nearly twice as great as this ; consequently, a leaden

sphere is nearly twice as dense as the average of the mat-

ter composing the earth. Such a determination of the density

of the earth is known as the Cavendish experiment, from the

name of the physicist who first executed it.

The method in which a task seemingly so hopeless as meas-

uring a minute force like this is accomplished is shown in the

following figures. It consists primarily of a torsion balance

;
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that is, a very light rod, e, with a weight at each end, suspend-

ed horizontally by a fine fibre of silk. In order to protect it

against currents of air, it must be completely enclosed in a

case. In Fig. 22, the balance eb is suspended from the end

P III rv"i imn Jfl

Fig. 22.—Daily's apt)aratn8 for determining tlie density of tlie earth by tlie Cavendisb ex
periraent The left-liand ball 6 is hidden behind the weight IF.

of the arm KF by the fine fibre of silk, FK The weights to

be attracted are at the two ends, lb. "When thus suspend-

ed, the balance will swing round in a horizontal direction,

twisting the silk fibre, by a very small force. The attracting

masses consist of a pair of leaden balls, WW, as large as the

experimenter can pi-ocure and manage, which are supported
on the turn-table, T. In Fig. 23, a view of the apparatus from
above is given, showing the relative positions of the leaden
balls, and the suspended weights which they are to attract.

It will be seen that in the position in which the weights ai'e

represented in the figure their attraction tends to make the

torsion balance turn in the direction opposite that of the hands
of a watch. The effect of placing the leaden balls in this posi-

tion is, that the balance begins to turn as described, and, being
carried by its momentum beyond the position of equilibrium,

at length comes to rest by the twisting of the silk thread by
which it is suspended, and then is carried part of the way

•ii
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back to its original position. It makes several vibrations,

each requiring some minutes, and at length comes to rest in a

position different from its original one. The attracting balls

are then placed in the reverse position, corresponding to the

Fio.23.—view of Bally's apparatus from above,

dotted lines, so that they tend to make the balance swing in

the opposite direction, and the motions of the balance are

again determined. These motions are noted by a small mi-

croscope, viewed through the enclosure in which the wholo

apparatus is placed, and from these motions the attractions oi'

the balls can be computed.

Since this experiment was first made by Cavendish, it has

been repeated by several other physicists ; first by Professor

Reich, of Freiberg, in 1838, and again by Francis Baily, Esq.,

of London. The latter repetition forms one of the most elab-

orate and exhaustive series of experiments ever made; we

have therefore chosen Baily's apparatus for the purpose of

illustration. The results for the mean density of the earth

obtained by these several experiments are

:

Cavendish (his own result) 5.48

" (Hutton's revision) 5.32

Reich 5.44

Baily 5.6G*

* Memoirs of the Royal Astronomical Society, vol. xix.

iiil
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Tlic same problem has been attacked by attempting to de-

termine the attraction of mountains, or portions of tlio crust

of the earth. In fact, the first attempt

of the sort ever made was by Maske-
lyne, Astronomer Royal of England
from 1766 to 1811, who determined

the attraction of the mountain Sche-

':allien, in Scotland, by observing its

effect on the plumb-line. The princi-

ple of this is very clear : on whichever

side of a steep isolated mountain we
hang a plumb-line, the attraction of

the mountain will cause it to incline towards it, the direction

of gravity, or the apparent vertical, being changed from AB
(Fig. 24) to ^^, and from CI) to CG. The density of the

earth thus obtained was 4.71, a quantity much smaller than
that afterwards given by the leaden balls. But this method
is necessarily extremely uncertain, owing to the fact that the

earth immediately beneath the mountain will probably not be
of the same density as at a dista. ce from it, and it is impos-
sible to determine and allow for this difference.

A third method is to find the change in the force of gravity

as we descend into the earth. We have said that the attrac-

tion of the earth upon a point outside of it is the same as if

the whole mass of the earth were ';oncentrated in its centre.

Hence, as we rise above the surface of the earth, thus reced-

ing from the centre, the force of gravity diminishes. If this

force all resided in the centre of the earth, it would continue
to increase as we went below the surface, varying as the in-

verse square of our distance from the centre. But such is not

the case; because, once inside the earth, we have matter around
and above us, the attraction of which lessens the gravity to-

wards the centre. At the centre the attraction is nothing, be-

cause a point is there equally attracted in every direction. If

the density of the earth were uniform, gravity would diminish
with perfect uniformity from the surface to the centre. But
in fact the density of the interior is so much greater than that

u>
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of the 8iirfnce, that tho force is found to increase as we go be-

low, instead of diniinisiiing. Professor Airy, in 1855, made
an elaborate series of experitnents at the Ilarton Colliery, in

Wales, in order to observe the rate of increase. He found
that a pendulum at the bottom of the mine went faster than

at tho top by about 2.3 seconds per day. From this ho con-
cluded that the mean density of the earth was G.56.

§ 3. Figure of the Earth.

If the earth did not revolve, tho mutual attraction of all its

parts would tend to make it assume a spherical form. If the

cohesion of the solid parts prevented the spherical form from
being accurately assumed, nevertheless the surface of the

ocean, or of any fluid covering the earth, would assume that

form. If, now, we set such a spherical earth in rotation

around an axis, a centrifugal force will be generated towards
the equatorial regions, which will cause the ocean to move
from the poles towards the equator, so that the surface will

tend to assume the foi-m of an oblate spheroid, the longest di-

ameter passing through the equator, and the shortest through

the poles. A computation of the centrifugal force at the

equator shows it to be -^ the force of gravity itself. Conse^

quently, the oblateness ought to be easily measurable in geo.

detic operations. Yet another result was that, in consequence

of the centrifugal force at the equator, bodies would be light-

er, and a clock regulated to northern latitudes would lose

time when taken thither.

This last result accorded with the experience of Eicher,

sent by the French Academy to Cayerme, in 1672, to make ob-

servations on Mars. After that, to deny the oblate figure of

the earth was not so much to deny Newton's theory of gravity

* Tho general law which regulates the force of gravity within the earth is this

:

The total attraction of the shell of earth, which is outside the attracted point ex-
tending all around the globe, is nothing, while the remainder of tlie globe, being

a sphere with the point on its surface, attracts as if it were all concentrated at

the centre. But this presupposes tliat the whole earth is composed of spherical

layers, each of uniform density, which is not strictly the case.

[I
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as to deny that nicehanieal forcea i)rodueod their natural effect
in clian^nng the form of the surface of the ocean. Ncvcrthe-
less, the French astrononiei-n lonj,' refjjsed tlieir assent, becaueo
the geodetic operations they had undertaken in Franco seemed
to indicate that the earth was elongated rather than flattened
in the direction of the poles. The real cause of this result
was, that the distance measured in France was so short that
the effect of the earth's ellipticity was entirely masked by the
unavoidable errors of the measures, yet it long delayed the en-
tire acceptance of the Newtonian theory by the French astron-
omers. Wo must, however, give the latter, or, speaking of
them individually, their successors of the next generation" the
credit of taking the most thorough measures to settle the ques-
tion. Their government sent one expedition to Peru, to meas-
ure the length of a degree of latitude at the equator, and an.
other to Lapland, to measure one as near as possible to the
pole. The result was entirely in accord with the theory of
Newton, and gave it a confirmation which had in the mean
time become entirely unnecessary.

Newton was unable to determine the exact figure which the
earth ought to assume under the influence of its own attrac-
tion and the centrifugal force of rotation, tliough he could see
that its meridian lines would be curves not very different from
an ellipse. The complication of the problem arises from the
fact that, as the earth changes its form in consequence of the
rotation, the direction and force of attraction at the various
points of its surface change also; and this, in its turn, leads
to a different figure. It was not until the middle of the last
century that the problem of the form of a rotating fluid mass
was solved, and the answer found to be an ellipsoid.

;

The figure of the earth is, however, not an exact ellipsoid,
there being two causes of deviation. (When we speak of the
figure or dimensions of the earth, we mean those of the ocean
as they would be if the ocean covered the entire earth.) One
cause of deviation is that the density of the earth increases
as we approach its centre. The other cause is that there are
great irregularities in the density of its superficial portions.

I
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In consequence of this, the real figure of the water-line is full

of small deviations, which are rendered very evident by the

refined determinations of modern times, and whicli are very

t"oubiesome to all wJio are engaged In exact geodetic opera-

tions.

§ 4. Precession of the Equinoxes,

Yet another mysterious phenomenon wliich gravity com-

pletely explained was that of the precession of the equinoxes.

We have already described this as a slow change in the posi-

tion of the pole of the celestial sphere among the stars, lead-

ing to a corresponding change in the position of the celestial

equator. But the Copernican theory shows the celestial pole

to be purely fictitious, because the heavens do not revolve at

all, but the earth. The pole of the celestial sphere is only

that point of the heavens towards which the axis of the earth

points. Hence, when we come to the Copernican system, we
see that precession must be in the earth, and not in the heav-

ens, and must consist simply in a change in the direction of

the earth's axis, in virtue of which it describes a circle in the

heavens in about 25,800 years. This effect was traced by

Newton to the attraction of the sun and moon on the protu-

berance produced, as just described, by the centrifugal force

at tlie earth's equator. In the present case the effect is much
the same as if the earth, being itself spherical, were enveVjped

by a huge ring extending round its equator. In Fig. 25 let

I ;^
i i

m

-—

V
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Fio. 26.

AB represent this ring revolving around the sun, S; the cen-

trifugal force of the earth, due to its motion around the sun,

will then balance the mean attraction of the sun upon it. But
the point A being near the sun, the attraction of the latter upon
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it will be more powerful than upon 6>nd consequent'^ great-
er than the centrifugal force. So there will be a surplus force
drawnig A towards the sun. At B the attractive force of the
sun IS less than the mean, so that there is a surplus force t.ud-
ing to draw£ from the sun. The ring being oblique towards
the sun, the effect of these surplus forces would be to make
the nng turn round on c mitil the line ^i? pointed towards the
sun. The spherical earth being fastened in the ring, as just
sui)posed, would very slowly be turned round with the ring, so
that Its equator would be directed towards the sun. But'^this
effect is prevented by the earth's rotation on its axis, which
makes it act like a gyroscope, or like a spinning-top. Instead
of benig brought down towards the sun, a very slow motion at
right angles to this direction, is produced, and thus we have
the motion of precession. The nature of this motion may be
best seen by Fig. 18, whei-e the north pole of the earth is rep-
msentod as constantly inclined to the right of the observer as
t!io earth moves round the sun, so that the solstices are at A
and C, and the equinoxes at ^ and B. The effect of the at-
traction of the sun and moon on the protuberance at the
equator is, that in 6500 years the axis of the earth will incline
towards the observer of the picture, with iiearlv the inclina-
tion of 23°; so that the solstices will be at 5 and B, and the
equinoxes at A and C. In 6500 years more the north pole
will be pointed towards the left instead of the right, as in the
hgure; u- . 00 more it will be directed from the observer;
and, final

,
at the end of a fourth period it will be once more

Dear its present position.

The effects we have described would not occur if the plane
ot the ring, AB, passed through the sun, because then the
xorces which draw A towards the sun and B from it, would act
directly against each other, and so destroy each otliei 's effect.
iNow, this IS the case twice a year, namely, when the sun is on
the equator. Therefore, the motion of precession is not uni-
lorin, but is much greater than the average in June and De-
comber, when the sun's declination is greatest; and is less in
x\larch and September, when tli(tlie sun IS on the pianc of the

ijl
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equator. Moreover, in December the earth is nearer the Gun

than in June, and the force greater, so that we have still an-

other inequality from this cause.

Precession is not produced by the sun alone. The moon is

6 yet more powerful agent in producing it, its smaller mass

being more than compensated by its greater proximity to us.*

The same causes which make the action of the sun variable

make that of the moon variable also, and we have the addi-

tional cause that, owing to the revolution of the moon's node,

the inclination of the moon's orbit to the plane of the earth's

equator is subject to an oscillation having a period of 18.6

years, producing an inequality of this same period in the pre-

cession. The several inequalities in the precession which we
have described are known as nutation of the earilis axis, and

are all accurately computed and laid down in astronomical

tables.

§ 5. The Tides.

It has been known to seafaring nations from a remote an-

tiquity that there was a singular connection between the ebb

and flow of the tide3, and the diurnal motion of the moon.

Caesar's description of his passages across the English Channel

shows that he was acquainted with the law. In describing

the motion of the moon, it was shown thq,t, owing to her revo-

lution in a monthly orbit, she rises, passes the meridian, and

sets about fifty minutes later every day. The tides ebb and

flow twice a day, but the corresponding tide is always later

than the day before, by the same amount, on the avei'age, that

the moon is later. Hence, at any orio place, the tides always

occur when the moon is near the same point of her apparent

diurnal course.

* This may need some explanation, as the attractive force of the sun upon the

earth is more than a Imndred times that of the moon. The force wliich produces^

precession is proportional to the difference of the attractions on the two sides of

the eartli, or on A and B in Tig. 25, and this diflFerence is greater in the case of

tl)e moon's attraction. In fact, it varies inversely as the cube of the distance ot

the attracting body.
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The cause of this ebb and flow of the sea, and its relation
to the moon, was a mystery until gravitation showed it to be
due to the attraction of the moon on the waters of the ocean,
riie reason why there are two tides a day will appear by
studying the case of the moon's revolution around the earth.
Let 31 be the moon, ^"the earth, and ^Jf the line joining their
centres. Now, strictly speaking, the moon does not revolve
around the earth, any more than the earth around the moon •

but by the principle of action and reaction the centi-e of each
body moves around the common centre of gravity of the two
bodies. The earth being eighty times as heavy as the moon
this centre is situated within the former, about three-quarters
of the way from its centre to its surface, at the point G in the

Vm. 26.-Attiactlon ofthe moon tending to prodnce tides.

figure. The body of the earth itself being solid, every part of
It, 111 consequence of the moon's attraction, may be considered
as describing a circle once in a month, having a radius equal
to ^'6^. The centrifugal force caused by this rotation is just
balanced by the mean attraction of the moon upon the earth.
If tins attraction were the same on every part of the earth
there would be everywhere an exact balance between it and
the centrifugal force. But as we pass from E to D the at-
traction of the moon diminishes, owing to the increased dis-
tance. Hence at D the centrifugal force predominates, and
the water therefore tends to move away from the centre E.
As wo pass from ^towards C the attraction of the moon in-
creases, and therefore exceeds the centi-ifugal force. Conse-
quently, at C there is a tendency to draw the water towards
the moon, but still away from the centre E. At A and B the
attraction of the moon increases the gravity of tho water, ow-
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ing to the convergence of the lines jSJf and AM, along which

it acts ; hence the action of the moon tends to make the waters

rise at D and C, and to fall at A and B; there are therefore

two tides to each apparent diurnal revolution of the moon.

If the waters everywhere yielded immediately to the at-

tractive force of the moon, it would always be high -water

when the moon was on the meridian, low-water when she was

rising or setting, and high-water again when she was in the

middle of that portion of her course which is under the hori-

zon. But, owing to the inertia of the water, some time is

necessary for so slight a force to set it in motion, and, once in

motion, it continues so after the force has ceased, and until it

has acted some time in the opposite direction. Therefore, if

the motion of the water were unimpeded, it would not be

high-water until some hours after the moon had passed the

meridian. Yet another circumstance interferes with the free

motion of the water— namely, the islands and continents.

These deflect the tidal wave from its course in such a way that

it may, in some cases, be many hours behind its time, or even

a whole day. Sometimes two waves may meet each other,

and raise an extraordinarily high tide. At other times the

tides may have to run up a long bay, where the motion of a

louff mass of water will cause an enormous tide to be raised.

In the Bay of Fundy both of these causes are combined. A
tidal wave coming up the Atlantic coast meets the ocean

wave from the east, and, entering the bay with their com-

bined force, the water at the head of it is forced up to the

height of sixty or seventy feet, on the principle seen in the

hydraulic ram.

The sun produces a tide as well as the moon, the force

which it exerts on the two sides of the earth being the same,

which, acting on the equatorial protuberance of the earth,

produces precession. The tide-producing force of the sun is

about -ny of that of the moon. At new and full moon the two

bodies unite their forces, and the result is that the ebb and

flow are greater than the average, and we have the " spring-

tides." "When the moon is in her first or third quarter, the



INEQUALITIES IN THE MOTIONS OF THE PLANETS. 93

two forces act against each other; the tide-producing force is
tlie difference of the two, the ebb and flow are less than the
average, and we have the " neap-tides."

§ 6. Inequalities in the Motions of the Planets produced by their

Mutual Attraction.

The profoundest question growing out of the theory of
gravitation is whether all the inequalities in the motion of the
moon and planets admit of being calculated from their mut-
ual attraction. This question can be completely answered
only by actually making the calculation, and seeing whether
tlie lesulting motion of each planet agrees exactly with that
observed. The problem of computing the motion of each
planet under the influence of the attraction of all the othei-s
is, however, one of such complexity that no complete and per-
fect solution has ever been found. Stated in its most general
form, It is as follows: Any number of planets of which the
masses are known are projected into space, their positions, ve-
locities, and directions of motion all being given at some one
moment. They are then left to their mutual attractions, ac-
cordinr '1 the law of gravitation. It is required to find gen-
eral al.

. braic formulae by which their position at any time
whatever shall be determined. In this general form, no ap-
proximation to an entire solution has ever been found. But
the orbits described by the planets around the sun, and by the
satellites aroimd their primaries, are nearly circular; and this
circumstance affords the means of computing the theoretical
place of tlie planet as accurately as we please, provided the
necessary labor can be bestowed upon the work.
What makes the problem so complex is that the forces

wliich act upon the planets ai-e dependent on their motions,
and these again are determined by the forces which ac^t on
tliem. If the planets did not attract each other at all, the
problem could be perfectly solved, because they would then
all move in ellipses, in exact accords,uo with Kepler's laws,
bnpposing them to move in ellipses, their positions and dis-
tances at any time could be expressed in algebraic formulfp
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and their attractions on each other conld be expressed in the

same way. 13at, owing to these very attractions, they do not

move in eUipses, and therefore the formulaj thus found will

not be strictly correct. To put the difficulty into a nut-shell,

the geometer cannot strictly determine the motion of the plan-

et until he knows the attractions of all the other planets on it,

and he cannot determine these without first knowing the posi-

tion of the planet, that is, without having solved his problem.

The question how to surmount these difficulties has, to a

greater or less extent, occupied the attention of all great math-

ematicians from the time of Newton till now ; and although

complete success has not attended their efforts, yet the mar-

vellous accuracy with which sun, moon, and planets move in

their prescribed orbits, and the certainty with which the laws

of variation of those orbits through countless ages past and to

come have been laid down, show that their labor has not been

in vain. Newton could attack the problem only in a geomet-

rical way ; he laid down diagrams, and showed in what way

the forces acted in various parts of the orbits of the two plan-

ets, or in various positions of the sun and moon. He was thus

enabled to show how the attraction of the sun upon the moon

changes the orbit of the latter around the earth, and causes its

nodes to revolve from east to west, as observations had shown

them to do, and to calculate roughly one or two of the inequal-

ities in the motion of the moon in her orbit.

When the Continental mathematicians were fully convinced

of tlie correctness of Newton's theory, they immediately at-

tacked the problem of planetary motion with an energy and

talent which placed them ahead of the rest of the world.

They saw the entire insufficiency of Newton's geometrical

method, and the necessity of having the forces which moved

the planets expressed by the algebraic method, and, by adopt-

ing this system, were enabled to go far ahead both of New-

ton and his countrymen. The last half of the last century

was the Golden Age of mathematical astronomy. Five il-

lustrious names of this period outshine all others : Clairaut,

D'Alembert, Euler, Lagrange, and Laplace, all, except Euler,
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French by birth or adoption. The great works wliicli closed
it were the " Mecaniqiio Celeste " of Laplace, and the " Me-
caniqiie Analytique" of Lagrange, which embody the sub-
stance of all that was then known of the subject, and form the
basis of nearly everything that has since been achieved. We
shall briefly mention some of the results of these works, and
those of their successors which may interest the non- mathe-
matical reader.

Perhaps the most striking of these results is that of the sec-

ular variations of the planetary orbits. Copernicus and Kep-
ler had found, by comparing the planetary orbits as observed
by themselves with those of Ptolemy, that the forms and posi-

tions of those orbits were subject to a slow change from cen-
tury to century. The immediate successors of IS^ewton were
able to trace this change to the mutual action of the planets,
and thus arose the important question, Will it continue for-

ever? For, should it do so, it would end in the ultin^ate sub-
version of the solar system, and the destruction of all life on
our globe. The orbit of the earth, as well as of the other plan-
ets, would become so eccentric that, approaching near the sun at
one time, and receding far from it at another, the vicissitudes
of temperature would be insupportable. Lagrange, however,
was enabled to show by a mathematical demonstration that
these changes were due to a regular system of oscillations ex-
tending throughout the whole planetary system, the periods of
which were so immensely long that only a progressive motion
could be perceived during all the time that men had observed
the planets. The number of these combined oscillations is

equal to that of the planets, and their periods range from
50,000 years all the way up to 2,000,000—"Great clocks of
eternity, which beat ages as ours beat seconds." Li conse-
quence of these oscillations, the perihelia of the planets will
turn in every direction, and the orbits will vary in eccentricity,
but will never become so eccentric as to disturb tlie regularity
of the system. About 18,000 years ago, the eccentricity of the
earth's orbit was about .019; it has been diminishing ever
since, and will continue to diminish for 25,000 years to come,
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when it will be more nearly a circle than any orbit of our sys-

tem now is.

Some of the questions growing out of the moon's motion

are not completely settled yet. Early in the last century it

was found by Ilalley, from a comparison of ancient eclipses

with modern observations of the moon, that our satellite was

accelerating her motion around the earth. She was, in fact,

about a degree ahead of where she ought to have been had

her motion been nniform from the time of Hipparchus and

Ptolemy. The existence of this acceleration was fully estab-

lished in the time of Lagrange and Laplace, and was to them

a source of great perplexity, because they had conceived them-

selves to have shown mathematically that the mutual attrac-

tions of the planets or satellites could never accelerate or re-

tard their mean motions in their orbits, and thus the motion

of the moon seemed to be affected by some other force than

gravitation. After several vain attempts to account for the

motion, it was found by Laplace that, in consequence of the

secular diminution of the eccentricity of the earth's orbit, the

action of the sun on the moon was progressively changing in

such a manner as to accelerate its motion. Computing the

amount of the acceleration, he found it to be about 10 sec-

onds in a century, and its action on the moon being like that

of gravity on a falling body, the total effect would increase as

the square of the time ; that is, while in one century the moon

would be 10 seconds ahead, in two centuries she would be 40

seconds ahead, in three centuries 90 seconds, and so on.

This result agreed so well with the observed acceleration,

as determined by a comparison of ancient eclipses with mod-

ern data, that no one doubted its correctness till long after the

time of Laplace. But, in 1853, Mr. J. C. Adams, of England,

celebrated as one of the two mathematicians who had calcu-

lated the position of Neptune from the motions of Uranus, un-

dertook to recompute the effect of the variation of the earth's

eccentricity on the mean motion of the moon. He was sur-

prised to iind that, carrying his process farther than Laplace

had done, the effect in question was reduced from 10 seconds.
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the result of Laplace, to 6 seconds. On the other hand, the

farther examination of ancient and modern observations

seemed to show that the acceleration as given by them was
even greater than that found by Laplace, being more nearly

12 seconds than 10 seconds ; that is, it was twice as great as

that computed by Mr. Adams from the theory of gravitation.

The announcement of this result by Mr. Adams was at first

received with surprise and incredulity, and led to one of the

most remarkable of scientific discussions. Three of the irreat

astronomical mathematicians of the day—Ilansen, Plana, and
Do Pontecoulant— disputed the correctness of Mr. Adams's
result, and maintained that that of Laplace was not affected

with any such error as Mr. Adams had found. In fact, Ilansen,

by a method entirely different from that of his predecessors,

had found a result of 12 seconds, which was yet larger than

that of Laplace. On the other hand, Delaunay, of Paris, by a

new and ingenious method of his own, found a result airreeinfif

exactly with Mr. Adams's. Thus, the live leading experts of

the day were divided into two parties on a purely mathemat-
ical question, and several years were required to settle the dis-

pute. The majority had on their side not' only the facts of

observation, so far as they went, but the authority of Laplace;

and, if the question could have been settled either by observa-

tion or by authority, they must have carried the day. But the

problem was altogether one of pure mathematics, depending
on the computation of the effect which the gravitation of the

sun ought to produce on the motion of the moon. Poth par-

ties were agreed as to the data, and but one correct result was
possible, so that an ultimate decision could be reached only by
calculation.

The decision of such a question could not long be delayed.

There was really no agreement among the majority as to what
the supposed error of Mr. Adams consisted in, or what the ex-

act mathematical expression for the moon's acceleration was.

On the other hand, Mr. Adams showed conclusively that the

methods of De Pontecoulant and Plana were fallacious; and the

more profoundly the question was examined, tlie m,ore evident

^^-t»5^'

m

'n

;;a:i
'^



1 s

1 li

im'.r:

M

08 SYSTEM OF THE WORLD IIISTOEICALLT DEVELOrED.

it became that lie was right. Mr. Cayley made a computation

of the result by a new method, and Delaunay by yet another

method, and both agreed with Mr. Adams's. Although their

antagonists never formally surrendered, they tacitly abandon'

ed the iicld, leaving Delaunay and Adams in its undisturbed

possession.*

It was thus conclusively settled that the true value of the

acceleration was about 6", the last value found by Delaunay

being G".18. This result was only about half of that which

had been derived from the observations of ancient eclipses, so

that there appeared to be a discrepancy between the observed

and the theoretical acceleration, the cause of which was to

be investigated. A possible cause happened to be already

known : the friction of the tidal wave must constantly retard

the diurnal motion of the earth on its axis, though it is impos-

sible to say how much this retardation may amount to. The

consequence would be that the day would gradually, but un-

ceasingly, increase in length, and our count of time, depend-

ing on the day, would be always getting too slow. The moon

would, therefore, appear to be going faster, when really it was

only the earth which was moving more slowly. So long as

theory had agreed with the observed acceleration of the moon,

there had been no need to invoke this cause ; but, now that

there was a difference, it afforded the most plausible explana-

tion.

Thus the theory of the subject is that there is an undoubted

real acceleration of 6".18, and an additional apparent accel-

eration of a few seconds, due to the tidal retardation of the

earth's rotation, the amount of which can be found only by

comparing the motions of the moon in different centuries.

The absence of precise observations in ancient times renders

this determination difficult and uncertain. The ancient rec-

ords which have been most relied on are the narratives of sup-

* The writer has reason to believe it an historical fact that Hansen, on revising

his own calculations, and including terms he at first supposed to be insensible,

found that he would ho led substanlially to the result of Adams, although he

never made any formal publication of this fact.
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posed total eclipses of the sun, which have been handed down
to us by the Greek and Roman classical writers. The most
ancient and celebrated of these eclipses is associated with the
name of Thales, the Ionian philosopher, our knowledge of
which is derived from the following account by derodotus

:

" Now after this (for Alyattes did not by any moans sur-
render the Scythians at the demand of Cyaxares) there was
war betweca the Lydians and the Modes for tlie space of five

years, in which [period] the Modes often conquered the Lydi-
ans, and the Lydians, in turn, the Modes. And, in this time,
they also had a night engagement ; for as they were protract-
ing the war with equal success on each side, in a battle thaf
occurred in the sixth year, it happened, as the armies en-
gaged, that the day was suddenly turned into night. Kow
this change of the day [into night] Thales, the Milesian, had
predicted to the lonians, placing as the limit of the period
[within which it would take place] this very year in which
it did actually occur. Now, both the Lydians and the Modes,
when they saw night coming on instead of day, ceased from
battle, and both parties were more eager to make peace with
each other."

If, in this case, we knew when and where the battle was
fought, and if we knew that the darkness referred to was
really that of a total eclipse of the sun, it would be easy to
compute very nearly what must have been the course of the
moon in order that the dark shadow might have passed over
the field of battle. But, to the reader who reflects upon the
uncritical character of Herodotus, the vagueness of his descrip-
tion of tlie occurrence will suggest some suspicions whether
we have really a total eclipse to deal with. Besides, the time
wlion the battle was fought is doubtful by twenty years or
more, and the only way in which it has been fixed is by cal-

culating from the tables of the sun and moon all the total
eclipses which passed over the region in which the battle took
place between the admissible limits of time. Thus, it is found
that the only date which will fulfil the conditions is May 28th,
B.C. 584, when there must have been a total eclipse in Asia
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Minor or its neighborhood. But, unless wo suppose that it

was really a total eclij)8e which caused the battle to cease,

nothing can bo concluded respecting it ; and as this point

seems uncertain, it is not likely that astronomers will lay

much stress upon it.

Another celebrated eclipse of the sun is known as tho

eclipse of Agathocles. Tho fleet of this commander, being

blockaded in tho port of Syracuse by tho Carthaginians, was

enabled to escape to sea at a moment when the attention of

tho enemy was diverted by a provision con\oy, and sailed to

make a descent upon Carthage. " The next day there was

such an eclipse of the sun that the day wholly put on tho

appearance of night, stars being seen everywhere." There is

no reasonable doubt that this was a total eclipse of tho sun,

and the date is well established, being August 14th, n.c. 309.

But, unfortunately, it is not known whether Agathocles went

to the north or the south of Sicily in his passage to Car-

thage, and hence we cannot obtain any certain result from

this eclipse.

These historical accounts of total eclipses being uncertain,

an attempt has been made to derive the moon's acceleration

from the eclipses of the moon recorded by Ptolemy in the

Almagest, and from tho observations of the Arabian astrono-

mers in the ninth and tenth centuries. These observations

agree as fairly as could be expected in assigning to tho moon

a secular acceleration of about 8".4, a little more than 2"

greater than that computed from gravitation. On the other

hand, if we accept the eclipse of Thales as total where the

battle was fought, the total acceleration will be about 12", so

that the two results are entirely incompatible. The queptiori

which is correct must be decided by future investigation ^ but

tho author believes the smaller value to be founded on the

more trustworthy data.

The secular acceleration is not the only variation in the

moon's mean snc'Io -i which has perplexed the mathematicians.

About the 'lo.t. •: tho ir^st century, it was found by Laplace

that the mooi) iiacij for a number of years, been falling behind
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iier calculated place, a result which seeined to show that there

was soiiio oscillation of long period winch had been overlooked,

lie made two conjectural explanations of this inequality, hut

both were disproved by subBequent investigators. The (pies-

tion, therefore, remained without any satisfactory solution till

184:0, when Hansen announced that the attraction of Venus

})rodueed two inequalities of long period in the moon's nio-

tiou, which liad been previously overlooked, and that these

fully j\ccounted for the observed deviations of the moon's po-

sition. These terms were recomputed by Delaunay, and ho

:l>itnd for one of them a result agreeing very well with Han-

sen's. IJut the second came out so small that it could never be

detected from observations, so that hero was another niathe-

niatical discrepancy. There was not room, however, for much

discussion this time. Hansen himself admitted that ho had

been unable to determine the amount of this, inequality in a

satisfactory manner from the theory of gravitation, and had

therefore made it agree with observation, an empirical process

which a mathematician would never adopt if ho could avoid

it. Even if observations were thus satisfied, doubt would still

remain. But it has lately been found that this empirical

term of Hansen's no longer agrees with observation, and that

it does not satisfactorily agree with observations before 1700.

In consequence, there are still slow changes in the motion of

our satellite which gravitation has not yet accounted for. We
are, apparently, forced to the conclusion either that the mbtion

of the moon is influenced by some other cause than the gravi-

tation of the other heavenly bodies, or that these inequalities

are only apparent, being really due to small changes in the

earth's axial rotation, and in the consequent length of the day.

If we admit the latter explanation, it will follow that tlie

sarth's rotation is influenced by some other cause than the

tidal friction ; and that, instead of decreasing uniformly, it va-

ries from time to time in an irregular manner. The observed

inequalities in the motion of the moon may be fully accounted

for by changes in the earth's rotation, amounting in the ag-

gregate to half a minute or so of time—changes which could
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be detected by a perfect clock kept going foi- a munber of

years. But, as it takes many years for these changers to occur,

no clock yet made M'ill detect them.

Yet another change not entirely accounted for on the the-

ory of gravitation occurs in tiie motion of the planet Mercury.

From a discussion of all the observed transits of this planet

across tlio disk of the sun, Leverrier lias found that the mo-

tion of the perihelion of Mercury is about 40 seconds in a

century greater than that computed from the gravitation of

the other planets. Tins he attributes to the action of a group

of small planets between Mercury and the sun. In this form,

however, the explanation is not entirely satisfactory. In the

first place, it seems hardly possible that such a group of plan-

ets could exist without being detected during total eclipses of

the suii, if not at other times. In the next place, granting

them to exist, they must produce a secular variation in the

position of the orbit of Mercury, whereas this variation seems

to agree exactly with theory. Leverrier explains this by sup-

posing the group of asteroids to be in tlie same plane with the

orbit of Mercury, but it is exceedingly improbable that such

a group would be found in this plane. There is, however, an

allied explanation which is at least worthy of consideration.

The phenomenon of the zodiacal light, to be described here-

after, shows that there is an immense disk of matter of some
kind surrounding the sun, and extending out to the orbit of

the earth, where it gradually fades away. The nature of this

matter is entirely unknown, but it mny consist of a swarm of

minute particles, revolving round *he sun, and reflecting its

light, like planets. If the total mass of these particles is equal

to that of a veiy small planet, say a tentii the mass of the

earth, it would cause the observed motion of the perihelion of

Mercury. The evidence on this subject will be considered

more fully in treating of Mercury.

With the exceptions just described, all the motions in the

solar system, so far as known, agree perfectly with the results

of the theory of gravitation. The little imperfections which

still exist in the astronoiTiical tables seem to proceed mainly
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from errors in tlie data from which the mathematician must
start m computing the motion of any planet. The time of
rcvohition of a planet, the eccentricity of its orbit, the position
of Its perihelion, and its place in the orbit at a given time, can
none of tiiera be computed from the theory of gravitation, but
nnist be derived from observations alone. If the observations
were absolutely perfect, results of any degree of accuracy
could be obtained from them; but the imperfections of all
nisfunients, and even of the human sight itself, prevent ob-
servations from attaining the degree of precision sought after
by the tlieoretical astronomer, and make the considerations of
"errors of observation" as well as of "errors of the tables"
constantly necessary.

§ 7. Relation of the Planets to the Stars.

In Chapter I., § 3, it was stated that the heavenly bodies
belong to two classes, the one comprising a vast multitude of
stars, which always preserved their relative positions, as if they
were set in a sphere of crystal, while the others moved, each
in Its own orbit, according to laws which have been described.
We now know that these moving bodies, or planets, form a
sort of family by themselves, known as the Solar System.
Tins system consists of the sun as its centre, with a number of
primary planets revolving around it, and satellites, or second-
ary planets, revolving around them. Before the invention of
the telescope but six primary planets were known, includin<-
the earth, and one satellite, the moon. By the aid of that in-
strument, two great primary planets, ->utside the orbit of Sat-
urn, and an immense swarm of smaller ones between the or-
bits of Mars and Jupiter, have been discovered; while the
tour outer planets— Jupiter, Saturn, Uranus, and Neptune-
are each the centre of motion of one or more satellites. The
sun IS distinguished from the planets, not only by his immpnse
mass, which is several hundred times that of all the other bod-
ies of his system combined, but by the fact that he shines by
his own light, while the planets and satellites are dark bodies,
shining only by reflecting the liffht of the sun.
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A remarkable symmetry of structure is seen in this system,

in that all the large planets and all the satellites revolve in

orbits which are nearly circular, and, the satellites of the two
outer planets excepted, nearly in the same plane. This family

of planets are all bound together, and kept each in its respec-

tive orbit, by the law of gravitation, the action of which is of

such a nature that each planet may make countless revolutions

without the structure of the system undergoing any change.

Turning onr attention from this system to the thousands of

fixed stars whicli stud tlie heavens, the first thing to be consid-

ered is their enormous distance asunder, compared with the

dimensions of the solar system, though the latter are them-
selves inconceivably great. To give an idea of the relative

distances, suppose a voyager through the celestial spaces could

travel from the sun to the outermost planet of our system in

twenty-four houi's. So enormous would be his velocity, that it

would carry him across the Atlantic Ocean, from Kew York
to Liverpool, in less than a tenth of a second of the clock.

Starting from the sun with this velocity, he would cross the

orbits of the inner planets in rapid succession, and the outer

ones more slowly, until, at the end of a single day, ho would
reach the confines of our system, crossing the orbit of Neptune.
But, though he passed eight planets the first day, he would
pass none the next, for he would have to journey eighteen or

twenty years, without diminution of speed, before he would
reach the nearest star, and would then have to continue his

journey as far again before he could reach another. All the

planets of our system would have vanished in the distance, in

the course of tlie first tlii-ee days, and the sun would be but an
insignificant star in the firmament. The conclusion is, that

our sun is one of an enormous number of self-luminous bodies

scattered at such distances that years w^ould be required to

traverse the space between them, even when the voyager went
at the rate we have supposed. The solar and the stellar syi -

tcms thus offer us two distinct fields of inquiry, into which we
shall enter after describing the instnnnents and methods by

which tliev are investigated.
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PART IL-PBACTICAL ASTRONOMY,

INTRODUCTORY REMARKS.
Should the reader ask what Practical Astronomy is, the

best answer might be given him by a statement of one of its
operations, showing how eminently practical our science is.
"I lace an astronomer on board a ship; blindfold him

; carry
lum by any route to any ocean on the globe, whether under
the tropics or in one of the frigid zones; land him on the
wildest rock that can be found; remove his bandage, and give
Inin a chronometer regulated to Greenwich or Washington
time, a transit instrument with the proper appliances, and the
necessary books and tables, and in a single clear night he can
tell Ins position within a hundred yards by observations of the
stars." This, from a utilitarian point of view, is one of the
most important operations of Practical Astronomy. When we
travel into regions little known, whether on the ocean or on
tlie Western plains, or when Ave wish to make a map of a
country, we have no way of finding our position by reference
to terrestrial objects. Our only course is to observe the heav-
ens, and find in what point the zenith of our place intersects
the celestial sphere at some moment of Greenwich or Wash-
ington time, and then the problem is at once solved. The in-
struments and methods by which this is done may also be ap-
plied to celestial measurements, and thus we have the art and
science of Practical Astronomy. To speak more generally,
i ractical Astronomy consists in the description and Investiga-
tion of the instruments and methods employed by astronomers
in the work of exploring and measuring the heavens, and of
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106 PBACTICAL A8TR0N0MT.

determining positions on the earth by observations of the heav-

enly bodies. The general construction of these instruments,

and the leading principles which underlie their use and em-
ployment, can be explained with the aid of a few technical

terms which \ve shall define as we liave occasion for them.

The instruments employed by the ancients in celestial ob-

servations were so few and simple that we may dispose of

them very briefly. The only ones we need mention at pres-

ent are the gnomon and the astrolabe, or armillary sphere.

The former was little more than a large sun-dial of the sim-

plest construction, by which the altitude and position of the

sun were determined from the length and direction of the

shadow of an upright pillar. If the sun were a point to the

sight, this method would admit of considerable accuracy, be-

cause the shadow would then be sharply defined. In fact,

however, owing to the apparent size of the solar disk, the shad-

ow of any object at the distance of a few feet becomes ill-de-

fined, shading off so gradually that it is hard to say where it

ends. No approach to accuracy can therefore be attained by

the gnomon.

Notwithstanding the rudeness of this instrument, it seems

to have been the one universally employed by the ancients-

for the determination of the times when the sun reached

the equinoxes and solstices. The day when the shadow was
shortest marked the summer solstice, nnd a comparison of

the length of the shadow with the height of the style gave,

by a trigonometric calculation, the altitude of the sun. The
day when the shadow was longest marked the winter solstice

;

and the day when the altitude of tho sun was midway between

the altitudes at the two solstices marked the equinoxes. Tims
tin's rude instrument served the purpose of determining the

length of the year with an accuracy sufficient for the purposes

of daily life. But so immensely superior are our modern
methods in accuracy, that the astronomer can to-day compute
the position of the sun at any hour of any day 2000 years ago

with far greater accuracy than it could have been observed

with a gnomon.

m
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The armillaiy sphere consisted of a combination of three
circles, one of which could be set in the plane of the equator
or the ecliptic; that is, an arm moving aroi.nd this circle
would always point towards some part of the equator or the
ecliptic, according to the way the instrument was set The
circle in question, being divided into degrees, served the pur-
pose of measuring the angular distance of any two bodies in
or near the ecliptic, as the sun and moon, or a star and planet
It was by such measures that Ilipparchus and Ptolemy were
able to determine the larger inequalities in the motions of the
sun, moon, and planets.

E A.
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CHAPTER I.

t\

I A

kiiSTti. Wmmi
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THE TELESCOPE.

§ 1. The First Tdescopes.

The telescope is so essential a part of every instrument in-

tended for astronomical measurement, that, apart from its own

importance, it must claim the first place in any description of

astronomical instruments. The question. Who made the first

telescope ? was long discussed, and, perhaps, will never be con-

clusively settled. If the question were merely, Who is entitled

to the credit of the invention under the rules according to

which scientific credit is now awarded ? we conceive that the

answer must be, Galileo. The first publisher of a result or

discovery, supposing such result or discovery to be honestly

his own, now takes the place of the first inventor ; and there

is little doubt that Galileo was the first one to show the world

how to make a telescope. But Galileo himself says that it

was through hearing that some one in France or Holland had

made an instrument which magnified distant objects, and

brought them nearer to the view, that he was led to inquire

how such a result could be reached. He seems to have ob-

tained from others the idea that the instrument was possible,

but no. hint as to how it was made.

As a historic fact, however, there is no serious question tliat

the telescope originated in Holland ; but the desire of the in-

ventors, or of the authorities, or both, to profit by the posses-

sion of an instrument of such extraordinary powers, prevented

the knowledge of its construction from spreading abroad. The

honor of being the originator has been claimed for three men,

each of whom has had his partisans. Their names are Metius..
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Lipperhey, and Janseii; the last two being spectacle-makers
ni the town of Middlebnrg, and the first a professor of nmtho-
matics.

The claims of Jansen were sustained by Peter Borelli, au-
thor of a small book* on the subject, and on the strength of
his authority Jansen was long held to be the true inventor.
His story was that Jansen had shown a telesco])e sixteen inches
long to Prince Maurice and the Archduke Albert, who, per-
ceiving the importance of the invention in war, offered' him
money to keep it a secret. If this story be true, it would be
interesting to know on what terms Jansen was induced to sell
out his right to immortality. But Borelli's case rests on the
testimony of two or three old men who had known Jansen in
their youth, taken forty-five or fifty years after the occurrence
of the events, when Jansen had long been dead, and has there-
fore never been considered as fully proved.
About 1830, documentary evidence was discovered which

showed that Hans Lipperhey, whom Borelli claims to have
been a second inventor of the telescope, made apj^lication to
the States-general of Holland, on November 2d, 1G08, for a
patent for an instrument to see with at a distance. Abou't
the same time a similar application was made by James Me-
tius. The Government refused a patent to Lippei-liey, on the
ground that the invention was already known elsewhere, but
ordered several instruments from him, and enjoined him to
keep their construction a secret.

It will be seen from this that the historic question. Who
made the first telescope ? does not admit of being easily an-
swered

;
but that the powers of the instrument were well

known in Holland in 1608 seems to be shown by the refusal
of a patent to Lipperhey. The efforts made in that country
to keep the knowledge of the construction a secret were so
tar successful that we must go from Holland to Italy to find
liow tliat knowledge first became public propertv. About six
mouths after the petitions of Lipperhey and Metius, Galileo

"De Vei'c Telescopii Iiiventore/' The Hngiie, 1055.
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110 PBACTICAL ASTRONOMY.

was in Venice on a visit, and there received a letter from

Paris, in which the invention was mentioned. lie at once set

himself to the reinvention of the instrument, and was so suc-

cessful that in a few days he exhibited a telescope magnify-

ing three times, to the astonished authorities of the city. Re-

turning to his home in Florence, he made other and larger

ones, which revealed to him the s])ots on the sun, the phases

of Yenns, the mountains on the moon, the satellites of Jupiter,

the seeming handles of Saturn, a\id some of the myriads of

stars, separately invisible to the naked eye, whose combined

light forms tlic milky-way. But the largest of these instru-

ments magnified only about thirty times, and was so imper-

fect in construction as to be far from showing as much as

could be seen with a modern telescope of that power. The

Galilean telescope was, in fact, of the simplest construction,

consisting of the combination of a pair of lenses, of which the

larger was convex and the smaller concave, as shown in the

following figure

:

o

Fio. 28.—The Galilean telescope. The dotted lines show the course of the rays through

the lenses.

The distance of the lenses was such that the rays of light

from a star passing through the large convex lens, or object-

glass, OB, met the concave lens, R, before reaching the focus.

The position of this concave lens was such that the rays

should emerge from it nearly parallel. This form of tele-

scope is still used in opera -glasses, because it can be made

shorter than any other.

The improvements in the telescope since Galileo can be

best understood if we give a brief statement of the princi-

ples on which all modern telescopes are constructed. The

properties of every such instrument depend on the power pos-

sessed by a lens or by a concave mirror of forming an im-

age of any distant object in its focus= This is done in the
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case of the lens by refracting the light which passes through
it, and in the case of the mirror by, reflecting back the rays
which strike it. In order to form an image of a point, it is

necessary that a portion of the rays of light which emanate
from the point sliall be collected and made to converge to
some other i jint. For instance, in the following ligure, the

I'
^^^rzr:..B

Fio. 29.—Formation of an image by a lens.

nearly parallel rays emanating from a distant point in the di-

rection from which the arrow is coming strike the lens, L,
and as they pass through it are bent out of their course, and
made to converge to a point, F. Continuing their course,
they diverge from F exactly as ifF itself were a luminous jmnt,
a cone of light being formed with its apex at F. An observer
placing his eye within this cone of rays, and looking at F,
will there seem to see a shining point, although really there
is nothing there. This apparent shining point is, in the lan-
guage of astronomy, called the image of the real point. The dis-

tance, OF. U called thefocal length of the lens.

If, "''v^tead of a simple point, we have an object of some
^PP"^ - '^'ide, as the moon, a house, or a tree, then the
light frui point of the object will be brought to a cor-
responding L .lear F. To find where this corresponding
pohit is, we iiave only to draw a line from each point of an
object through the centre of the lens, and continue it as far as
the focus. Each point of the object will then have its own
point in the image. These points, or images, will be spread
out over the surface, FFF, which is called the focal plane, and
will make up a representation, or image, of the entire object
on a small scale, but in a reversed position, exactly as in the
camera of a photographer. An eye at B within the cone of
rays will then see all or a part of the object reversed in the
focal plane. The image thus formed may be viewed by the
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112 PRACTICAL ASTRONOMY.

oye as if it were a real object; and as a minute object may be

viewed by a magnifying lens, so such a lens may be used to

view and magnify the image formed in the focal plane. In

the largo lens of long focus to form the image in the focal

plane, and the small lens to view and magnify this image, we

have the two essential parts of a refracting telescope. The

former lens is called the objective, or ohject-ykiss, and the latter

the ei/c-jnece, eye-lens, or ocular.

The magnifying power of a telescope depends upon the rel-

ative focal lengths of the objective and ocular. The greater

the focal length of the former—that is, the greater the distance

OF—the larger the image will be ; and the less the focal length

of the eye-lens, the nearer the eye can be brought to the im-

age, and tlie more the latter will be magnified. The magnify-

ing power is found by dividing the focal length of the objec-

tive by that of the eye-lens. For instance, if the focal length

of an objective were 36 inches, and that of the eye-lens were

three-quarters of an inch, the quotient of these numbers would

be 48, which would be the magnifying power. If the focal

lengths of these lenses were equal, the telescope would not

magnify at all. By simply turning a telescope end for end,

and looking in at the objective, we have a reversed telescope,

which diminishes objects in the same proportion that it mag-

nifies them when not reversed.

From the foregoing rule it follows that we can, theoretical-

ly, make any telescope magnify as much as we please, by sim-

ply using a sufiiciently small eye -lens. If, for instance, we

wish our telescope of 36 inches focal length to magnify 3600

times, we have only to apply to it an eye-lens of yi-jj of an inch

focal length. But, in attempting to do this, a difficulty arises

with which astronomers have always had to contend, and

which has its origin in the imperfection of the image formed

by the object-glass. Ko lens will bring all the rays of light

to absolutely the same focus. When light passes through a

prism, the various colors are refracted unequally, red being

refracted the least, and violet the most. It is the same

when light is refracted by a lens, and the consequence is that

•fl M
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THE FIRST TELESCOPES. 116

the red mys will ho l,rongl,t to the farthest focus, and tho vio-
let to tho nearest, while the interniediate colors will bo scat-
tcred between. As all tho light is not brought to tho same
focus, It 18 impossible to get any accurate image of a star or
other object at which the telescope is pointed,' tho eye seeing
only a confused mixture of images of various colors. When
a sufficiently low magnifying power is used, the confusion will
be slight, the edges of the object being indistinct, and made
i.p of colored fringes. When the magnifying power is in-
i-rcased, tho object will indeed look larger, but these confused
fnnges will look larger in tho same proportion ; so that the
observer will see no more than before. This separation of tho
light in a telescope is termed chromatic aberration.
Such was the difficulty which tho successors of Galileo en-

wuntered in attempting to improve the telescope, and which
they found it impossible to obviate. They found, however
that they could diminish it by increasing the length of the tel-
escope, and the consequent size of the confused imac'-e If
they made an object-glass of any fixed diameter, say six'^inches,
they found that the iniage was no more confused when the
focal length was sixty feet than when it was six, and the same
oye-lens could therefore bo used in both cases. But the im-
age in the focus of the first was ten times as large as in the
second, and thus using the same eye-lens would give ten times
the magnifying power. Iluyghens, Cassini, Ileveli.,., and oth-
er astronomers of the latter part of the seventeenth century
made telescopes a hundred feet or upwards in length. Some
astronomers then had to dispense with a tube entirely ; tho ob-
jective being mounted by Cassini on the top of a 'long pole,
while the ocular was moved along near the ground. Ilevelius
kept his objective and ocular connected by a long rod which
replaced the tube. Very complicated and ingenious arrange-
meiits were sometimes used in managing these huge instru-
ments, of which we give one specimen, taken from die work
of Blanchini, "ffesperi ei Phosphori Nova Phmiomena;' in wliich
tlmt astronomer describes his celebrated observations on the
rotation of Venus.
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Ill

§ 2. The Achromatic Telescope.

A century and a half elapsed from the time when Gahleo

showed liis first telescope to the authorities of Venice before

any method of destroying the chromatic aberration of a lens

was discovered. It is to Dollond, an English optician, that the

practical construction of the achromatic telescope is due, al-

though the principle on which it depends was first published

by Euler, the German mathematician. The invention of Dol-

lond consists in the combination of a convex and concave lens

of two kinds of glass in such a way that their aberrations

shall counteract each other. How this is effected will be best

seen by taking the case of refraction by a prism, where the

same principle comes into play. The separation of the light

into its prismatic colors is here termed dispersion. Suppose,

now, that we take two prisms of glass, ^-BC and ACD^ (Fig.

31), and join them in the manner shown in the figure. If a

21

S

Fto. 31.—Refraction through n componnd prism.

ray, RS, pass through the two, their actions on it will tend

to counteract each other, owing to the opposite directions in

which their angles are turned, and the ray will be refracted

only by the difference of the refractive powers, and dispersed

by the difference of the dispersive powers. If the dispersive

powers are equal, there will be no dispersion at all, the ray

passing through without any separation of its colors. If the

two prisms are made of the same kind of glass, their dispersive

powere can be made equal only by making them of the same

angle, and then their refractive powers will be equal also, and

the ray will pass through v/ithout any refraction. As our ob-

'III I
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ject is to have refraction without dispersion, a combination of
prisms of the same kind of glass cannot effect it

The problem which is now presented to us is, Can we make
two prisms of different kinds of glass such that their disper-
sue powei-s shall be equal, but their refractive powers un,
equal ? The researches of Euler and Dollond answered this
question in the affirmative by showing that the dispersive
power of dense flint-glass is double that of crown-glass, while
Its refractive power is nearly the same. Consequently, if wemake the prism ABC of crown glass, and the prism ACD of
flm

,
the angle of the flint at Q being half that of the crown

at
^,

the two opposite dispersions will neutralize each other
and the rays will pass through without being broken ui) into'
the separate colors. But the crown prism, with double the an-
gle will have a more powerful refractive power than the flint •

so that, by combining the two, we shall have refraction without
dispersion, which solves the problem.
The manner in which this principle is applied to the con-

strnction of an object-glass is this: a convex lens of crcwn is
combined with a concave lens of flint of about half the cur-
vature. No exact rule respecting the ratio of the two curva-
tures can be given, because the refractive powers of different
specimens of glass differ greatly, and the proper ratio must,
therefore be found by trial in each case. Having found it
the two lenses will then have equal aberrations, but in oppo-'
sue du-ectipns, while the crown refracting more powerfully
han the flint, the rays will be brought to a focus at a dis-
tance a little more than double the focal distance of the formerA combination of this sort is called an achromatic objective.
fcome of the earlier achromatic objectives were made of three
onses, a double concave lens of flint glass being fitted be-
tween two double convex ones of crown. At present, how-
ever, but two lenses are used, the forms of
which, as used in the smaller European tele-
scopes, and in all the telescopes of Mr. Alvan

Flint

('lark, are shown in Fig. 32. The crown-
glass is liero a double convex lens, and the

Crown

Fio.32.—Section of Du
achromatic objecUvei
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118 PRACTICAL ASTRONOMY.

curvatures of the two faces are equal. The curvature of the

inside face of the flint is the same as that of the crown, so

that tlie two faces fit accurately together, while the outer face

is nearly flat. If the dispersive power of the flint were just

double that of the crown, this face would have to be flat

to produce achromatism ; but this is not generally the case.

The fact is that, as no two specimens of glass made ".t dif-

ferent meltings have exactly the same refractive and disper-

sive powers, the optician, in making a telescope, must find the

ratios of dispersion of his two glasses, and then give the outer

face of his fiint such a degree of curvature as to neutralize

the dispersion of his crown glass. Usually, this face will have

to be slightly concave.

"When the inner faces of the glasses are thus made to fit, it

is not uncommon to join the glasses together with a transpar-

ent balsam, in order to diminish 'le loss of light in passing

through the glass. Whenever light falls upon transparent

glass, between three and four per cent, of it is reflected back,

and when, after passing through, it leaves again, about the

same amount is reflected back into the glass. Consequentlj^,

about seven per cent, of the light is lost in passing through

each lens. But when the two lenses are joined with balsam

or castor-oil, the reflection from the second surface of the flint

and the first surface of the crown is greatly diminished, and a

loss of perhaps six per cent, of the light is avoided.*

As larger and more perfect achromatic telescopes were

made, a new source of aberration was discovered, no practical

method of correcting which is yet known. It arises from the

fact that flint glass, as compared with crown, disperses the blue

end of the spectrum more than the red end. If we make

* When there is no balsam, another inconrenience sometimes arises from a

double reflection of light from the inner surfaces of the glnsa. Of the light re-

flected back from the first surface of the crown, four per cent, is again reflected

from the second surface of the flint, and sent down to the focus of the telescope

with the direct rays. If there be the slightest misplacement of one of the lenses,

the reflected rays will come to a different focus from the direct ones, and everj

bright star will seem to have a small companion star along-side of it.

r;
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lenses of flint and crown having equal dispersive power, we
shall find that the red end is longest in the crown-glass spec-
trum, and the blue end in the flint-glass spectrum. The con-
sequence is that when we join a pair of prisms in reversed
positions, as shown in Fig. 31, the two dispersions cannot be
made to destroy each other entirely. Instead of the refracted
light being all joined in one white ray, the spectrum will be
folded over, as it were, the red and indigo ends being joined
together, the faint violet light extending out by itself, while
the yellow and green are joined at the opposite end. This
end will, therefore, be of a yellowish green, while the other
end is purple.

The spectrum thus formed by the combination of a flint

and crown prism is termed the secondary spectrum. It is very
much shorter than the oi'dinary spectra formed by either the
crown or the flint glass, and a large portion of the light is con-
densed near the yellowish-green end. The effect of it is that
the refracting telescope is not perfectly achromatic, though
very nearly so. In a small telescope the defect is hardly no-
ticeable, the only drawback being that a bright star or other
object is seen surrounded by a blue or violet areole, formed by
the indigo rays thrown out by the flint-glass. If the eye-piece
is pushed in, so that the star is seen, not as a point, but as a
small disk, the centre of this disk will be green or yellow,
while the border will be reddish purple. But, in the immense
refractors of two-feet aperture or upwards, of which a number
have been produced of late years, the secondary aberration
constitutes the most serious optical defect; and it is a defect
which, arising from the properties of glass itself, no art can
iuninish. The difiiculty may be lessened in the same way
that the chromatic aberration was lessened in the older tele-
scopes, namely, by increasing tlie length of the insti-ument.
In doing this, however, with glasses of such large size, engi-
neering difficulties are encountered which soon become insur-
mountable. We must, therefore, consider that, in the great
refractors of recent times, the limit of optical power for such
instruments has been very nearly attained.
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The eye-piece of a telescope, as well as its objective, con-

sists of two glasses. A single lens will, indeed, answer all

the purposes of seeing an object in the centre of the field

of view, but the field itself will be narrow and indistinct at

the edges. An additional lens, term-

ed the field -lens, is therefore placed

very near the image, for the purpose

of refracting the outer rays into the

proper direction to form a distinct

image with the aid of the eye -lens.

^"
''-TfrScope!'""''' I" Fig- 33 such an eye-piece is rep-

resented, in which the field -lens is

between the image and the eye. This is called a positive

eye-piece. In the negative eye-piece the rays pass through

the field-lens just before coming to a focus, so that the image

is formed just within that lens. The positive eye -piece is

used when it is required to use a micrometer in the focal

plane ; but for mere looking the negative ocular is best. All

telescopes are supplied with a number of eye -pieces, by

changing which the magnifying power may be altered to suit

the observer.

The astronomical telescope used with these eye-pieces al-

ways shows objects upside down and right side left. Tliis

causes no inconvenience in celestial observations. But for

viewing terrestrial objects the eye-piece must have two pairs

of lenses, the first of which forms a new image of the object

restored to its proper position, which image is viewed by the

eye -piece formed of the second pair. This combination is

called an erecting or terrestrial eye-piece.

§ 3. The Mounting of the Telescope.

If the earth did not revolve, so that each heavenly body

would be seen hour after hour and day after day in nearly

the same direction, the problem of using great telescopes

would be much simplified. The objective and the eye-piece

could be fixed so as to point at the object, and the observer

could scrutinize it at his leisure. But actuall3', when we use
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a telescope, the diurnal revolution of tlie earth is apparently
increased in proportion to the magnifying power of the in-
strument; and if the latter is fixed, and a high power is used,
the object passes by with such rapidity that it is impossible to
scrutinize it. Merely to point a telescope at an object needs
many special contrivances, because, unless the pointing is ac-
curate, the object caimot be found at all. With a telescope,
and nothing more, an observer might spend half an hour in
vaiu efforts to point it at Sirius so accurately that the image
of the star should be brought into the field of view; and then,
before he got one good look, it might flit away and be lost
again. If this is the case with a bright star, how much harder
must it be to point at the planet Neptune, an object invisible
to the naked eye, which is not in the same direction two min-
utes in succession

! It will readily be understood that, to make
any astronomical use of a large telescope, two things are abso-
lutely necessary

: first, the means of pointing the telescope at
any object, visible or invisible; and, second, the means of mov-
ing tlie telescope so that

it shall follow the object

in its diurnal motion,

and tlms keep its image
in the field of view. The
following are the me-
chanical contrivances by
wliich these objects are

effected

:

The object-glass is

placed in one end of a
tube, OB, the length of
the tube being nearly

equal to the focal length
of the objective. The
eye-piece is fitted into a
projection at the lower
end of the tube, j51 The
obiect of thp t-nh" 1" f-

Fio- 34—Mode of mounting a telescope so as to fol.jcLi oi uie lU Du la tv low a star in its dlurual motion.

":''§ ^
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keep tlie glasses in their proper relative positions, and to pro-

tect the eye of the observer from stray light.

The tube has an axis, AB^ lirmly fastened to it at A near its

middle, which axis passes through a cylindrical case, C, into

which it neatly fits, and in which it can turn. By turning the

telescope on this axis, the end E can be brought towards the

reader, and from him, or vice versa. T' 'i: is called the

declination axis. The case, C, is firmly i. i to a second

axis, DE, supported at I) and E called the polar axis. This

axis points to the pole of the heavens, and, by turning it, the

whole telescope, with the part,^C, of the case, may be brought

towards the observer, while the end B will recede from him,

or vice versa. In order that the weight of the telescope may

not make it turn on the polar axis, it is balanced by a weight

at B, on the other end of the declination axis. This weight

is commonly divided, a part being carried by the axis, and a

part by the case, C. The polar axis is carried by a frame, F,

well fastened on top of a pier of masonry.

Such is the general nature of the mechanism by which an

astronomical telescope is mounted. The essential point is

that there shall be two axes—one fixed, and pointing at the

pole, and one at right angles to it, and turning with it. In

the arrangement of these axes there are great differences in

the telescopes of different makers ; but Fig. 34 shows what

is essential in the plan of mounting now very generally

adopted.

In the figure the telescope is represented as east of the spec-

tator, and as pointed at the pole, and therefore parallel to the

polar axis. Suppose now that the telescope be turned on the

declination axis, AB, through an arc of 90°, the eye-piece, E,

being brought towards the spectator ; the object end will then

point towards the east horizon, and therefore towards the celes-

tial equator, the eye end pointing directly towards the spec-

tator. Then let the whole instrument be turned on the polar

axis, the eye-piece being brought downwards. The telesco])e

will then move along the celestial equator, or the path of a

star, 90° from the pole. And at whatever distance from the
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pole we set it by turning it on the declination axis, if ^ve
turn It on the polar axis it will describe a circle having the
pole at Its centre; that is, the same circle which a star follows
by Its diurnal motion. So, to observe a star with the telescope
we have hrst to turn it on the declination axis to the polar dis-
tance of the star, and then on the polar axis till it points at
the star. This pointing is effected by circles divided into de-
grees and minutes, not shown in the figure, by which the dis-
tance which the telescope points from the pole and from the
meridian may be found at any time.

In order that the star, when once found, may be kept in the
field of view, the telescope is furnished with a system of clock-
work, by which the polar axis is slowly turned at the rate of
one revolution a day. By starting this clock- work, the tele-
scope IS made to follow the star in its diurnal motion; or to
speak with greater astronomical precision, as the earth turns
on Its axis from west to east, the telescope turns from east to
M-est with the same angular velocity, so that the direction in
which it points in the heavens remains unaltered.

In order to facilitate the finding or recognition of an object,
the telescope is furnished with a "finder," T, consisting of a
small telescope of low power pointing in the same direction
with the larger one. An object can be seen in the small tel-
oscope without the pointing being so accurate as is necessary
in the case of the large one; and, ^vhen once seen, the tele-
scope IS moved until the object is in the middle of the field
ot view, when it is also in the field of view of the large one.

§ 4. The Reflecting Telescope.

Two radically diferent kinds of telescopes are made: the
one just described, known as the refracting telescope, because
dependent on the refraction of light through glass lenses; and
tlie other, the reflecting telescope, so called because it acts by
reflecting the light from a concave mirror. The name of the
tet inventor of this instrument -is disputed; but Sir Isaac
iNewton was among the first to introduce it. It was desi-ned

'1*1
' • !f

by him to avoid the difficulty grovving out of the chromatic
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aberration of the refracting telescopes of his time, which, it

will be remembered, were not achromatic. If parallel rays of

light from a distant object fall upon a concave mirror, as shown

in Fig. 35, they will all be reflected back to a focus, F, half-

way between the centre of curvature, 6r, and the surface of

'i^:::jT.

:y..

Fio. 36.—Speculum bringing rays to a single focus by reflection.

the mirror. In order that the rays may be all reflected to

absolutely the same focus, the section of the mirror must bo

a parabola, and the point where the rays meet will be the

focus of the parabola. If the rays emanate from the various

points of an object, an image of this object will be formed

in and near the focus, as in the case of a lens. This image

is to be viewed with a. magnifying eye-piece like that of a

refracting telescope. Such a mirror is called a speculum.

Here, however, a difficulty arises. The image is formed on

the same side of the mirror on which the object lies; and in or-

der that it may be seen directly, the eye of the observer and

the eye-piece must be between F and G, directly in the rays

of light emanating from the object. By placing the eye here,

not only would a great deal of the light be cut off by the body

of the observer, but the definition of the image would be great-

ly injured by the interposition of so large an object. Three

plans have been devised for evading this difficulty, which are

due, respectively, to Gregory, Newton, and Herschel.

The Herschelian Telescope.— In this form of telescope the

mirror is slightly tipped, so that the image, instead of being

formed in the centre of the tube, is formed near one side of

it, as in Fig. 36. The observer can then view it without put-

ting his head inside the tube, and, therefore, without cutting

off any material portion of the light. In observation, he must

stand at the upper, or outer, end of the tube, and look into it,

liis back beino- turned towards the object. From his looking
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directly into the mirror, it was also called the "front-view"
telescope. The great disadvantage of this arrangement is that

Pig. 36.—nerschellan telescope.

the rays cannot be brought to an exact focus when they are
thrown so fur to one side of the axis, and the injury to the
dolinition is so gresit that the front-view plan has long been
entirely abandoned.
The Newtonian Telescope.—IhQ plan proposed by Sir Isaac

Newton was to place a small plane mirror just inside the fo-
cus, inclined to the telescope at an angle of 45°, so as to throw
the rays to the side of the tube, where they come to a focus,
and form the image. An opening is made in the side of the
tube, just below where the image is formed in which the eye-
piece is inserted. This mirror cuts off some of the light, but
not enough to be a serious defect. An improvement which
lessens this defect has been made by Professor Henry Draper.

^'
«nn™''°« '".'
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"[^ N«^'»°'»*" telescope. This section shows how the Inml-nous rays reflected from the parabolic mirror M meet a small rectangular prism m n

lt?.md
"" ''" i"fned plnne mirror used in the old form of New?onL' irscopl'

The inclined mirror is replaced by a small rectangular prism,
by reflection from which the image is formed very near the
prism. A pair of lenses are then inserted in the cour.?e of
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the rays, by which a second image is formed at the opening

hi the side of the tube, and this second image is viewed by

an ordinary eye -piece. The four lenses together form an

erecting eye-piece.

The Grecjorian Telescope.—Tliis is a form proposed by James

Gregory, who probably preceded Newton as an inventor of tlie

reflecting telescope. Behind the focus, F, a small concave

mirror, R, is placed, by which the light is reflected back again

Fio. 38.—Section of the Gregorian telescope.

down the tube. The larger mirror, M, has an opening through

its centre, and the small mirror, R, is so adjusted as to form a

second image of the object in this opening. Tliis image is

then viewed by an eye-piece which is screwed into the opening.

The Cassegrainian Telescope—In principle the same v ith the

Gregorian, differs from it only in that the small mirror, R, is

convex, and is placed inside the focus, F, so that the rays are

reflected from it before reaching the focus, and no image is

formed until they reach the opening in the large mirror.

This form has an advantage over the Gregorian in that the

telescope may be made shorter, and the small mirror can be

more easily shaped to the required figure. It has therefore

entirely superseded the original Gregorian form.

Optically, these forms of telescope are inferior to the New-

tonian. But the latter is subject to the inconvenience that the

observer must be stationed at the upper end of the telescope,

where he looks inio an eye-piece screwed into the side of the

tube. If the telescope is a small one, this inconvenience is

not felt ; but with large telescopes, twenty feet long or up-

wards, the case is entirely different. Means must then be pro-

vided by which the observer may be carried in the air at a

height equal to the length of the instrument, and this requires;

considerable mechn.nism, the management of which is often
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very troiiblesomo. On the otlicr liaiid, tlie Cassegrainian tele-

scope is pointed directly at the object to be viewed, like a re-

fractor, and the observer stands at the lower end, and looks in

at the opening through the large mirror. This is, therefore,

the most convenient form of all in management. One draw-
back is, that there are two mirrors to bo looked after, and, un
less the figure of both is perfect, the image will bo distorted.

Another is the great -size of the image, which forces the ob-
server to use cither a high magnifying power, or an oye-pieco

of corresponding size.* But these defects aro of little impor-
tance compared with the great advantage of convenient use.

§ 5. The Principal Great Reflecting Telescopes of Modern Times.

The reflecting telescopes made by Newton and his contem-
poraries were very small indeed, none being more than a few
inches in diameter. Though vastly more manageable than the
immensely long refractors of Iluyghens, they do not seem ro

have exceeded them in effectiveness. We might, therefore,

have expected the achromatic telescope to supersede the re-

flector entirely, if it could be made of large size. But in the
time of Dollond it was impossible to produce disks of flint-glass

of sufiicient uniformity for a telescope more than a very few
inches in diameter. An achromatic of four inches aperture
was then considered of extraordinary size, and good ones of
more than two or tliree inches were rare. Consequently, for
the purpose of seeing the most faint and difticult objects, the
earlier achromatics were little, if any, better than the long
telescopes of Iluyghens and Cassini. As there were no such
obstacles to the polishing of large mirrors, it was clear that it

was to the reflecting telescope that recourse must be had for
any great increase jn optical power. Before the middle of
the last century the reflectors were little larger than the re-

fractors, and had not exceeded them in their optical perform-
ance. But a genius now arose who was to make a wonderful
improvement in their construction.

m

PI' \
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* The Melbourne telescope has nn eye-lens si.x inches in diameter.
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William TTcrsdiel, in 1766, was a church-organist and teach,

er of mnsic of very high repute in J3ath,vvho spent what little

leisure he had in the study of mathematics, astronomy, and

optics. 13y accident a Gregorian reflector two feet long fell

into his hands, and, turning it to the heavens, he was so enrapt

ured with the views presented to him that he sent to London

to eee if he could not purchase one of greater power. The

price named being far above his means, he resolved to make

one for himself. After many experiments with metallic al-

loys, to learn which would reflect most light, and many efforts

to And the best way of polishing his mirror, and giving it a

parabolic form, he produced a flve-foot Newtonian reflector,

which revealed to him a number of interesting celestial phe-

nomena, though, of course, nothing that was not already known.

Determined to aim at nothing less than the largest telescope

that could be made, be attempted vast numbers of mirrors of

constantly increasing size. The large majority of the individ-

ual attempts were failures ; but among the results of the suc-

cessful attemjits were telescopes of constantly increasing size,

until he attained the hitherto unthought-of aperture of two feet,

with a length of twenty feet. With one of these he discov-

ered the planet ITranus. The fame of the musician-astrono

mer reaching the ears of King George III., that monarch gave

him a pension of £200 per annum, to enable him to devote

his life to a career of astronomical discovery. He now made

the greatest stride of all by comi)leting a reflector four feet

in diameter and forty feet long, with which he discovered two

new satellites of Saturn.

Ilerschel now found that he had attained the limit of man-

ageable size. The observer had to be suspended perhaps thir-

ty or forty feet in the air, in a room large enough to hold, not

only himself, but all the means necessary for recording his

observations ; and this room had to follow the telescope as it

ii?oved, to keep a star in the field. To this was added the

difficulty of keeping the mirror in proper figure, the mere

change of temperature in the night operating injuriously in

this respect. We need not, therefore, be surprised to learu L
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Fio. 39.—Herschel's great telescope.

that Ilerschel made very little use of this instrument, and pre-
ferred the twenty-foot even in scrutinizing the most difficult
objects.*

* Herschel's great instrument is still preserved, but is not mounted for use-
indeed, it is probable that the mirror lost nil its lustre long vears ago. In 1831)'
Sir John Herschel dismounted it, laid it in a horizontal posiHon, and closed it up
after a family celebration inside the tube, at wliich the following song was sung:

THE OLD TELESCOPE,
[To be mno on Neiv;,ear'8-cve, lS39-'40, by Papa, Mamvut, Madame Gerlach, and all the LittU

Bodies in the Tube thereof assembled.^

Ill the old Telescope's tube we sit,

And the elmdes of the past around iis flit

;

His requiem sing we with shout and diu,
While the old year goes out, and the new comes Id.

CAorua.—Merrily, merrily let us all sing,

And make the old telescope rattle and ring I

«
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The only immediate successor of Sir William Hcrschel in

the construction of great telescopes was his son, Sir John Iler-

schel. But the latter made none to equal the largest of his

father's in size, and it is doubtful whether they exceeded them

in optical power.

The first decided advance on the great telescope was the

vjelebrated reflector of the Earl of Eosse,* at Parsonstown, Ire-

FuU fifty years did he langh at the stoi-m.

Aud the blast could not shake his majestic form

;

Now proue ho lies, where he once stood high,

And searched the deep heaven with his broad, bright eye.

CAofus.—Merrily, merrily, etc., etc.

There are wonders no living sight has seen,

Which within this hollow have pictured been

;

Which mortal record can never recall.

And are known to Him only who made them all

CAonw.—Merrily, merrily, etc., etc.

Here watched our father the wintry night,

And his gaze has been fed with preadamitfi light.

His labors were lightened by sisterly love.

And, united, they etraiued their vision above.

CAortts.—Merrily, merrily, etc., etc.

He has stretched him quietly down, at length,

To bask in the starlight his giant strength

;

And Time shall here a tough morsel And
For his steel-devouring teeth to grind.

CAoriw.—Merrily, merrily, etc., etc.

He will grind it at last, as grind it he must,

And Its )rass and its iron shall be clay and ruatj

But scathleas ages shall roll away.

And nurture its frame, and its form's decay.

CAortw.—Merrily, mej-rily, etc., etc.

A new year dawns, and the old year's past

;

God send it, a happy one like the last

(A little more sun and a little le^ rain

To save us from cough and rheiiirljitic pain).

Chorus.—Merrily, merrily, etc., etc.

God grant that its end this group may And
In love and in harmony fondly joined

!

And that some of us, fifty years hence, onoe more

May make the old Telescope's echoes roar.

CAorw?.—Merrily, merrily, etc., etc

* William Parsons, third Enrl of Rosse, the original constructor of this tele

scope, died in 1807. The work of the instrument is continued by his son, the pres-

ent eavl.
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iiind. The speculum of this telescope is six feet in diameter,
and about fifty-four feet focal length, and was cast in 1842^
One of the great improvements made by the Earl of Rosse
was tlie introduction of steam machinery for grinding and
polLshing the great mirror, an instrumentality of which Iler-
schol could not avail himself. The mounting of this telescope
is decidedly different from that adopted by Ilerschel. The
telescope is placed between two walls of masomj, which only
allow it to move about 10° on each side of the meridian, and
it turns on a pfvot at the lower end of the tube. It is moved
north and south in the meridian by an ingenious combination
of chains, and may thus be set at the polar distance of any
^hw which it is required to observe. It is then moved slowly
towards the west, so as to follow the star, by a long screw
driven by an immense piece of clock-work. It is commonly
used as a Newtonian, the observer looking into the side of the
tube near the upper end. To enable him to reach the moutli
of the tube, various systems of movable platforms and staging
nrc employed. One of the platforms is suspended south of
the piers

;
it extends east and west by the distance between

the walls, and may be raised by machinery so as to be directl v

uudc!- the month of the telescope so long as the altitude of the
latter is less than 45°. When the altitude is greater than this,

tlie observer ascends a stairway to the top of one of the Avails,

where he mounts one of several sliding stages, by which ho
can be carried to the moutli of the telescope, in any position
of the latter. This instrument has been employed principal-
ly in making drawings of lunar scenery and of the planets
and nebulai. Its great light-gathering power peculiarly fits it

for the latter object.

Ol/icr Eejledinrj Telescopes.~A\\ho\\^\\ no other reflector ap-
i)roaching the great one of the Earl of Eosse in size has ever
been made, some others are worthy of notice, on account of
tlieir perfection of figure and the importance of the discov-
eries made with them. Among these the first place is due to
tlio great reflectors of Mr. William Lassell, of England. This
i^^ntleman mads a i-eflector of two feet aperture about the
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same time that Rosse constructed his immense six-foot. The
perfection of figure of the mirror was evinced by the discov^

ery of two satellites of Uranus, which had been previously un-

known and unseen, unless, as is possible, Herschel and Struve

caught glimpses of them on a few occasions. He afterwards

made one of four feet aperture, which, in 1863, he took to the

island of Malta, where he made a series of observations on
satellites and nebulae.

Fig. 41.—Ml'. Lassell's great fonr-foot reflector, as mounted at Malta.

In 1870, a reflecting t?lescope four feet in diameter, on the

Cassegrainian plan, wa,s made by Thomas Grubb & Son, of

Dublin, for the Observatory of Melbourne, Australia. This

instrument is remarkable, not only for its perfection of figurO;

but as being probably the most easily managed large reflectoi

ever made.
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Tlio only American who over successfully undertook the
construction of largo reflecting telescopes was the late Pro-
fessor Henry Di-aper, of New York, who had one of twenty-
eight inches ai)erture, the work of his own hands. This in-

strument was mounted about 1S72 in the owner's private ob-
servatory at Hastings, on the Hudson. The mirror is not of
speculum metal, but of silvered glass, and is almost perfect in
figure. This telescope has been principally employed in mak-
ing photographs of celestial objects, and can be used either as
a Newtonian or a Cassegrainian.

In 187G a silvered glass reflecting telescope, four feet in di-

amctei-, made by Mr. A. Martin, was mounted at the Paris
observatory. The machinery for supporting and moving this

telescope being in some respects peculiar, we present a^view
of it in Fig. 42, on the preceding page. It has never been
successful in forming good images of the stars ; but it is not
known whether the defects ai'c in the hgure of the mirror, or
arise from defective methods of supporting it.

Mr. A. A. Common, of Ealing, England, is the possessor of
one of the most successful reflecting telescopes of the present
diiy. It is the joint work of himself and Mr. Calver, and is

thirty-seven inches in diameter. Like other recent reflectors,
it is of silvered glass. It has been principally employed in
photographing nebula and other celestial objects, a work in
which its owner has been remarkably successful.

§ 0. Great Rcfnicting Telescopes.

We have already remarked that, in the early days of the

achromatic telescope, its progress was hindered by the difK-

eulty of making largo disks of flint-glass. About the begin-
ning of the present century, Guinand, a Swiss mechanic, after

a long series of experiments, discovered a method l)y which
he could produce disks of flint-glass of a size before unheard
of. The celebrated Fraunhofer was then commencing busi-

ness as an optician in Munich, and hearing of (iruinand's suc-

cess induced him to come to Munich and commence the man-
ufacture of optical glass. Fraunhofer was a physicist of a

ft
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Pio. 43 The great Melbourne reflector. T, the tube contniulug the great mirror near its

lower end, Y, the small mirror throwing the light back to the eye-piece, y. C N, the

polar axis. TJ. the counterpoise at the end of the declination axis. Z, the clock-work

which moves the telescope by the jointed rods z c c E, and the clamp P.

high order, and made a more careful and exhaustive study of

the o^^tical qualities of glass, and the conditions for making

the best telescope, than any one before him had ever attempted.

With the aid of the large disks furnished by Gninand, he was

able to carry the aperture of his telescopes up to ten inches.

Dying in 1826, his successors, Merz and Mahler, of Munich,

made two telescopes of fifteen inches aperture, which were

then considered most extraordinary. One of these belongs
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to the Pulkowa Observatory, in Russia; and the other was
purchased by a subscription of citizens of Boston for the ob-
servatory of Harvard University.

No rival of the house of Fraunhofcr in the construction of
great refractors arose until he had been dead thirty years, and
tJien It arose where least expected. In 1846, Mr. Alvan Clark
was a citizen of Cambridgeport, Massachusetts, unknown to
fame, who made a modest livelihood by pursuino- the self-
taught art of portrait -painting, and beguiled hisleisure by
the construction of small telescopes. Though without the
advantage of a mathematical education, he had a perfect
knowledge of optical principles to just tlie extent necessary
to enable him to make and judge a telescope. Ilavino- beeii
led by accident to attempt the grinding of lenses, he soon pro-
duced objectives equal in quality to any ever made, and, if
lie had been a citizen of any other civilized country, would
have found no difficulty in establishing a reputation. But
he had to struggle ten years with that neglect and incre-
dulity which is the common lot of native genius in this coun-
try; and, extraordinary as it may seem, it was by a foreigner
that his name and powers were first brought to the notice
of the astronomical world. Eev. W. R. Dawes, one of the
leading amateur astronomers of England, and an active mem-
l)er of the Royal Astronomical Society, purchased an object-
glass from Mr. Clark in 1853. He found it so excellent that
ni the course of the next two or three years he ordered several
others, and, finally, an entire telescope. He also made several
communications to the Astronomical Society, giving lists of
difticult double stars detected by Mr. Clark with telescopes of
Ins own construction, and showing tJiat Mr. Clark's objectives
were almost perfect in definition.

The result of this was that the American artist began to be
appreciated in his own country; and in 1860 he received an
order from the University of Mississippi, of which Dr. F. A.
P. Barnard* was then president, for a refractor of eighteen

.^ . it '»

(J > '}

* Now President of Columbia College, Ne^v York City.
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inches aperture, -which was tlirco iiichos o^reater than the larg.

est that had then been made. Before the glass was finished,

it was made famous by the discovery of the companion of

Sir! US, a success for which the Lahmdo medal was awarded

by the French Academy of Sciences. The University of

Mississippi was prevented from taking ais telescoi)e by tlie

civil war. It was sold to the Astronomical Society of Chi-

cago, and is now mounted at the University in that city,
^

the construction of this telescope was the iirst of a scries of

works by Mr. Clark and his two sons which have revolution-

ized the optical branch of astronomy ;
yet the firm had to wait

eight years after the completion of the Chicago telescope be-

fore a larger one was ordered. Two great ones were then

made at the same time.

Up to 1870 the Naval Observatory of the United States had

no large telescope except a Munich refractor of nine and a half

inches'^ such as Fraunhofer used to make early in the century.

In that year Congress authorized the construction of a telescope

cf the largest size, of American manufacture. A contract was

soon aftcr'made witli the firm of Alvan Clark & Sons to con-

struct the telescope. The aperture agreed upon was twenty-

six inches. The rough disks were ordered from Messrs. Chance

& Co., of Birmingham, England; but so great was the diffi-

culty of making large masses of glass of the necessary purity

that they did not arrive until December, 1871. The work of

figuring and polishing them was commenced immediately.

The glasses were completed in October, 1872, and the remain-

der o^ the instrument during the year following. It was final-

ly mounted and ready for obscrvati«ni in November, 1873.

This telescope has since become famous th rough the discovery

of the satellites of Mars.

When this telescope was ordered from the Messrs. Clark

they were negotiating with Mr. L. P. McCormick, of Chicago,

for a telef,cope of equal size. This instrument has since been

completed, and presented by its owner to the University of

Virginia, where it is doing good work in the hands oi Pro-

fessor Ormond Stone.
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For fconi'j ten years the Washin^£]jton telescope was the great-

est rcimctor of the woi-ld in actual use. The order foi- an
instnnnont which should exceed it in aix-rturo catne from
liusHia. The great observatory of Pulkowa, con.pleted about
1840, IS among the most successful of the world. Jts tolescoi.e
of iifteen inches aperture, the twin brother of the Harvard
Culicge telciscope, though a marvel when it was constmcted
was far outdone by the telescoi)es of recent times. In 1878
the (Jovernment authorized a much larger one; and the vear
following, after a visit by Director Struvo to the principal oi.ti-
cal establishments of Europe and America, it was decided to
order an objective of thirty inches a])erture from the Messrs.
Clark. The latter ordered the rough disks from Foil, of Paris
More than two years were required for their successful found-
ing, so that the objective was not finally completed until 1883.
In 1S84 the mounting was. erected by the celebrated firm of
Kopsolds,in Hamburg, and the telescope was in successful use
in the summer of 1885.

The Great Lich Tdescojn^. — lx, 1874 Mr. James Lick, a
wealthy resident of San Fi-ancisco,. made arrangements for
fonnding an observatory, to contain the largest and most pow-
erful telesccpe ever made. The legal complications which
followed his death in 1876 required four years for their set-
tlement, and it was not until 1880 that a contract was made
with Alvan Clark & Sons for an objective of thirtv-six inches
apertiu-e. Feil, of Paris, was the onTy person who could hope-
fully undertake the casting of disks of such size, and he found
the task so difficult that it was not until 1885 that both disks
were completed. Their quality was so fine that the Clarks
had the objective ready for delivery in November, 1886.
The mounting of the telescope was made by Warner & Swa-
zey, of Cleveland, and the great telescope is now bein^^ put
uito place ovi Mount Hamilton.

^

The American artists have not been without worthy rivals
abroad. In 1869 Thomas Cooke & Sons, of England, made
a 2Q-mch telescope for Mr. R. S. Newall, which was for a '

lew years the largest refractor in existence. In 1882 Mr
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Howard Gnibb, of Dublin, completed a 27-incli tclcscopo for

the Vienna observatory. Finiilly, in 1880, the brothers Henry,

of Paris, completed a 30-inf^h glass for the observatory office.

Franco.

The Lick telescope is not, however, likely to bo soon sur-

passed. The great cost of a larger instrnment, the difficulty

of casting large disks, and the recent death of Foil, the only

glass-maker who has yet succeeded in making a good 3G-inch

disk, must all combine to discourage any speedy attempts in

this direction.

§ 7. The Magnifijing Powers of the Two Classes of Telescopes.

Questions which now very naturally arise are, Which of the

two classes of telescopes we have described is the more power-

ful, the reflector or the refractor? and is there any limit to the

magnifying power of either? To these questions it is difficult

to return a decided answer, because each class has its peculiar

advantages, and in each class many difficulties lie in the way

of obtaining the highest magnifying power. The fact is, that

very exaggerated ideas of the magnifying power of great tele-

scopes are entertained by the public. It will, therefore, be

instructive to state what the circumstances are which prevent

these ideas from being realized, and what the conditions arc

on which the seeing power of telescopes depends.

We note, first, that when we look at a luminous point—a star,

for instance—without a telescope, we see it by the aid of the

cone of light which enters the pupil of the eye. The diameter

of the pupil being about one-fifth of an inch, as much light

from the star as falls on a circle of this diameter is brought to

a focus on the retina, and unless this quantity of light is sufti-

cient to be perceptible, the star will not be seen. Now, wc

may liken the telescope to a " Cyclopean eye," of which tlio

object-glass is the pupil, because, by its aid, all the light which

falls on the object-glass is brought to a focus on the retina,

provided that a sufficiently small eye-piece is used. Of course,

we must except that portion of the light which is lost in pass-

ing through the glasses. Since the quantity of light which
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falls on a surfaco is proportional to tho extent of the surface,
ami therefore to the bquare of its diatneter, it follows that]
hccanse a telescope of one- inch clear aperture has five times
tho diameter of the pupil, it will admit 25 times the lidif a
six-inch will admit 900 times the light which the i).ipil wi'll

;

and 60 with any other ai)erture. A star viewed with the'
telescope will, therefore, appear hrighter than to tho naked
cjc in proportion to the square of the aperture of the in-
strument. But the star will not bo magnified like a planet
hecauso a point is only a point, no matter how often we mu].'
tiply it. It is true that a bright star in the telescope some-
tnncs appears to have a perceptible disk; but this is owiiur to
various imperfections of the image, having their origin in^he
air, the instrument, and the eye, all of which have the effect of
slightly scattering a portion of the light which comes from the
star. Hence, with perfect vision the apparent brilliancy of a
star will be proportional to the square of the aperture of the
telescope. It is said that Sir William Ilerschel, at a time when
hy accident his telescope was so pointed that Sirius was about
to enter its field of view, was first apprised of what was com-
uig by the appearance of a dawn like the morning. The light
increased rapidly, until the star itself appeared with a dazzhng
splendor which reminded him of the rising sun. Indeed, in
any good telescope of two feet apertui-e or upwards, Sirius is
an almost dazzling object to an eye which has rested for some
time in darkness.

But in order that all the light which falls on the object-
glass, or mirror, of a telescope may enter the pupil of the eye.
It is necessary that the magnifying power be at least equal to
the ratio which the aperture of the telescope bears to that of
the pupil. The latter is generally about one-fifth of an inch.
We must, therefore, employ a magnifying power of at least
hve for every inch of aperture, or we will not get the full ad-
vantage of our object-glass. The reason of this will be appar-
ent by studying Fig. 29, p. Ill, from which it will be seen that
a pencil of parallel rays falling on the object-glass, and pass-
ing through the eye-piece, will be reduced in diameter in the< -4

11
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ratio of the focal distance of the objective to that of the eye-

piece, whicli is the same as the magnifying power. For in-

stance, if to a 24:-inch telescope we attached an eye-piece so

large that the magnifying power was only 48, and pointed it

at a star, the "emergent pencil" of rays from the eye-piece

would be half an inch in diameter, and the whole of them

could not enter the pupil. In order that all the light falling

on a 24-inch glass may enter the eye, the magnifying power

must be at least 120.

Still another cause which places a limit to the power of

telescopes is diffraction. When the "emergent pencil" is

reduced below -^ of an inch in diameter—that is, when the

magnifying power is greater than 50 for every inch of aper-

ture of the object-glass—the outlines of every object observed

become confused and indistinct, no matter how bright the il-

lumination or how perfect the glass may be. The effect is the

same as if we looked through a small pin-hole in a card, an

experiment which anyone may try. This effect is owing to

the diffraction of the light at the edge of the object-glass or

mirror, and it increases so rapidly with the magnifying power

that when we carry the latter above 100 to the inch, the in-

crease of indistinctness neutralizes the increase of power. If,

then, we multiply the aperture of the telescope in inches by

100, we shall have a limit beyond which there is no use in

magnifying. Indeed, it is doubtful if any real advantage is

gained beyond 60 to the inch. In a telescope of two feet (24:

inches) aperture this limit would be 2400. Such a limit can-

not be set with entire exactness ; but, even under the most fa-

vorable circumstances, the advantage in attempting to surpass

a power of 70 to the inch will be very slight.

The foregoing remarks apply to the most perfect telescopes,

used under the most favorable circumstances. But the best

telescope has imperfections which would nearly always pre-

vent the use of the highest magnifying powers in astronomical

observations. In the refracting telescope the principal defect

arises from the secondary aberration already explained, which,

arising from an inherent quality of the glass itself, cannot be

obviated by perfection of workmanship. In the case of the re-
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tions in the figure atid polish of the great mirrors. The great

refractors are substantially perfect in their workmanship; the

reflectors do not appear to be perfect, though wliat the imper-

fections may be, it is impossible to say with entire certainty.

Whether the great telescope of the future shall belong to the

one class or the otlier must depend upon whether the imper-

fections of the reflecting mirror can be completely overcome.

Mr. Grubb, the maker of the great Melbourne telescope, thinks

he has completely succeeded in this, so as to insure a mirror

of six, seven, or even eight feet in diameter wliich shall be as

perfect as an object-glass. If he is right— and there is no

mechanician whose opinion is entitled to greater confidence

—

then he has solved the problem in favor of the reflector, so far

as optical power is concerned. But so large a telescope will

be so difiicult to manipulate, that we must still look to the re-

fractor as the working instrument of the future as well as of

the past; though, for the discovery and examination of very

faint objects, it may be found that the advantage Avill all be

on tbe side of the future great reflector.

Tiie great foe to astronomical observation is one which

people seldom take into account, namely, the atmosphere.

When we look at a distant object along the surface of the

cround on a hot summer dav, we notice a certain waviness of

outline, accompanied by a slight trembling. If we look witli

a telescope, we shall find this waving and trembling magnified

as much as the object is, so that we can see little better with

the most powerful telescope than with the naked eye. The

cause of this appearance is the mixing of the hot air near the

ground with the cooler air above, which causes an irregulni-

and constantly changing refraction, and the result is that as-

tronomical observations requiring high magnifying power can

very rarely be ndvantageously made in the daytime. By

night the air is not so much disturbed, yet there are always

currents of air of slightly difPerent temperatures, the crossing

and mixing of v/hicli produce the same effects in a small dc-

To such currents is due the twinkling of the stars:gree.

and we may lay it down as a rule, that when a star twinkles
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the finest observation of it cannot be made with a telescope of
hii^h power. Instead of presenting the appearance of a bright
well-defined point, it will look like a blaze of light flaiinJ
about m every direction, or like a pot of molten boiling motall
and the higher the magnifying power, the more it will flare
and boil The amount of this atmospheric disturbance varies
greatly from night to night, but it is never entirely absent.
It no continuous disturbance of the image could be seen with
a power of 400, most astronomers would regard the ni'dit as a
very good one

; and nights on which a power of more than
1000 can be advantageously employed are quite rare, at least
111 this climate.

It has sometimes been said that Sir William Ilerschel em-
ployed a power as high as 6000 with one of his great tele-
scopes, and, on the strength of tin's, that the moon may have
been brought within an apparent distance of forty miles. If
such a i)ow^er was used on the moon, we must suppose, not
merely that the moon was seen as if at the distance of forty
miles, even if Ilerschel used his largest telescope- that of
f()iir feet apertnre-but that the vision would be the same as
if he had looked through a pin-hole ^^ of an inch in diam-
eter, and through several yards of running water, or many
miles of air. It is doubtful whether the moon has ever been
seen with any telescope so well as it could be seen with the
naked eye at a distance of 500 miles. If such has been the
ease, we may be sure that the magnifying power did not ex-
ceed 1000.

If seeing depended entirely on magnifying power, we could
not hope to gain much by further improvement of the tele-
scope, unless we should mount our instrument in some place
where there is less atmospheric disturbance than in the re-
gions where observatories have liitherto been built. It is sup-
posed that, on the mountains or table-lands in the western and
south-western regions of North America, the atmosphere is
clear and steady in an extraordinary degree; and if this sup-
position is entirely correct, a great gain to astronomy might
result from establishing an observatory in that region.

< I
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CHAPTER II.

APPLICATION OF THE TELESCOPE TO CELESTIAL MEASUREMENTS.

§ 1. Circles of the Celestial Sphere^ and their Relations to Positions

on the Earth.

In the opening chapter of tliis work it was shown that all

the heavenly bodies seem to lie and move on the surface of a

sphere, in the interior of which the earth and the observer are

placed. The operations of Practical Astronomy consist large-

ly in determining the apparent positions of the heavenly bod-

ies on this sphere. These positions are defined in a way anal-

ogous to that in which the position of a city or a ship is de-

fined on the earth, namely, by a system of celestial latitudes

and longitu les. That measure which, in the heavens, corre-

sponds most nearly to terrestrial longitude is called JRight As-

censioji, and that which corresponds to terrestrial latitude is

called Declination.

In Fig. 44: let the globe be the celestial sphere, represented

as if viewed from the outside by an observer situated towards

the cast, though we necessarily see the actual sphere from the

centre. Pis the north pole, AB the horizon, Q the south pole

(invisible in northern latitudes because below the horizon), EF
the equator, Z the zenith. The meridian lines radiate from

the north pole in < -cry direction, cross the equator at right

angles, and meet agdin at the south pole, just like meridians

on the earth. The meridian from which right ascensions are

counted, corresponding in this respect to the meridian of

Greenwich on the surface of the earth, is that which passes

through the vernal equinox, or point of crossing of the equa-

tor and ecliptic. It is called the first meridian. Three bright
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Stars near wliicli this meridian now passes may be seen during
the autumn

:
tliej are a Andromedas and y Pcgasi, on Mapl

II. and v., and /3 Cassiopeia, on Map I. The right ascension
of any star on this meridian is zero, and the right ascension
of any other star is measured by tlie angle which the merid-
ian passing through it makes with the first meridian, this augle
being always counted towards the east. For reasons which
will soon be explained, right ascension is generally reckoned,
not in degrees, but in hours, minutes, and seconds of time.

Fig. 44—Circles of the celestial, sphere.

IJh the ecliptic, crossing the equator at its point of inter-
section with the first meridian, and making an angle of 23^°
with it. The declination of a star is its distance from the
celestial equator, whether north or south, exactly as latitude
on the earth is distance from the earth's equator. Thus, when
the right ascension and declination of a heavenly body are
given, the astronomer knows its position in the celestial sphere,
just as we know the position of a city on the earth when its
longitude and latitude are given.

It must be observed that the declinations of the heavenly
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bodies are, in a certain sense, referred to the earth. In aS'

tronomy the equator is regarded as a plane passing tlirough

the centre of the earth, at right angles to its axis, and dividing

it into two liemispheres. The line where this plane intersects

the surface of the earth is our terrestrial, or geographical, equa-

tor. If an observer standing on the geographical equator im-

agines this plane running east and west, and cutting into and

through the earth, where he stands he will have the astro-

nomical equator, which differs from the geographical equator

only in being the plane in which the latter is situated. Now
imagine this plane continued in every direction without limit

till it cuts the infinite celestial sphere as in Fig. 17, page 62.

The circle in which it intersects this sphere will be the celes-

tial equator. It will pass directly over the head of the ob-

server at the equator.

There is a general correspondence between latitude on the

earth and declination in the heavens, which may be seen by

referring to the same figure. Here the reader nuist conceive

of the earth as a globe, ep, situated in the centre of the celes-

tial sphere, EPQS, which is infinitely larger than the earth.

The plane represented by EQ is the astionomical equator, di-

viding both the earth and the imaginary celestial sphere into

two equal hemispheres. Suppose, now, that the observer, in-

stead of standing under the equator, is standing under some

other parallel, say that of 45° N. (Being in this latitude means

that the plumb-line where he stands makes an angle of 45°

with the plane of the equator.) The point over his head will

then be in 45° celestial declination. If we imagine a pencil

of infinite length rising vertically wliere the observer stands

so that its point shall meet the celestial sphere in his zenith,

and if, as the earth performs its diurnal revolution on its axis,

we imagine this pencil to leave its mark on the celestial sphere,

this mark will be the parallel of 45° N. declination, or a cir-

cle everywhere equally distant from the equator and from *he

pole. The same observer will see the celestial pole at an eleva-

tion equal to his latitude, vl uit is, at the angle 45°. We have now

the following rules for determining the latitude of ;. place

:
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1. The latitude is equal to the declination of the observer's zenith
2 It 2s also equal to the altitude of the pole above his horizon.
Hence, if tlie astronomer at any unknown station wislies to

deternnne his latitude, he lias only to find what parallel of
(lechnation passes througli his zenith, the latter beiii- marked
by the direction of the plumb-line, or by the perpendicular to
the surface of still water or quicksilver. If he finds a star
passing exactly in his zenith, and knows its declination, he has
his latitude at once, because it is the same as the stars dec-
uiation. Practically, however, an observer will never find aknown star exactly in his zenith; he must therefore find at
what angular distance from the zenith a known star passes his
incndian, and by adding or snocracting this distance from the
stars declination he has his latitude. If he does not know
the aechnation of any star, he measures the altitudes above
the horizon at which any star near the pole passes the merid-
ian, both above the pole and under the pole. The mean of
the two gives the latitude.

Let us now consider the ..lore complex problem of deter-
mining longitudes. If the earth dia not revolve, the observ,
ers longitude would correspond to the right ascension of his
zemth m the same fixed manner that his latitude corresponds
to Its declination. But, owing to the diurnal motio- , there is
no such fixed correspondence. It is therefore necessary to
have some means of representing the constantly varvinc rela-

Wherever on the earth's surface an observer may stand his
mei-idian, both terrestrial and celestial, is represented astronom-
ically by an imaginary plane similar to the plane of the equa-
tor. This plane is vertical to the observer, and passes throudi
tlie poles. It divides the earth into two hemispheres, and is
peii)endicular to the equator. In Fig. 17, the celestial and ter-
restrial spheres are supposed to be cut through by this plane;
It cuts the earth when the observer stands in a line runninc^
I'oi-th and south from pole to pole, and thus forms a terrestrial
raenciian. The same plane intersects the celestial sphere in a
great circle, whicJi, rising above the observer's horizon in the
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nortli, passes through the pole and the zenith, and disappears al

the south horizon. Two observers north and south of each

other have the same meridian ; hut in difTerent h^ngitudes thev

have different meridians, which, however, all pass through each

pole.

In consecpience of the cartirs diurnal motion, the meridian

of every place is constantly moving among the stars in such a

way as to make a complete revolution in 23 hours 50 minutes

4.09 seconds. The reader will iind it more easy to conceive

of the celestial sphere as revolving from east to west, the ter-

restrial meridian remaining at rest ; the effect being geomet-

rically the same whether we conceive of the true or the ap-

parent motion. There arc, then, two sets of iueridians on

the celestial sphere. One set (that represented in Fig. 45) is

fixed among the stars, and is in constant ai)parent motion

from east to west with the stars, while the other set is fixed

by the earth, and is apparently at rest.

As dift'crcnces of latitude arc measured by angles in the

heavens, so differences of terrestrial longitude arc measured by

the time it takes a celestial meridian to pass from one terres-

trial meridian to another ; while differences of right ascension

are measured by the time it takes a terrestrial meridian to

move from one "celestial meridian to another. Ordinary solar

time would, however, be inconvenient for this measure, because

a revolution does not take place in an exact number of houis.

A different measure, known as sidereal time, is therefore in-

troduced. The time required for one revolution of the celes-

tial meridian is divided into 24 hours, and these hours are

subdivided into minutes and seconds. Sidereal noon at any

place is the moment at which the vernal equinox passes the

meridian of that place, and sidereal time is counted round

from hour to 24 hours, when the equinox will have returned

to the meridian, and the count is commenced over again.

Since right ascensions in the heavens are counted from tlic

equinox, when it is sidereal noon, or hour, all celestial ob-

jects on the meridian of the place are in 0° of right ascension.

At 1 hour sidereal time, the meridians have moved 15°, and



CHICLES OF TIIK CliLESTIAL SPIIEHE. I53

objects n(,w on the meridiun arc in 15° of ri^.ht ascension.
1 Jn-on_-hont its whole dinniai course the right ascension of tlic
niei-idia.i constantly increases at the rate of 15° per hour so
that the right ascension is always found l,y nn.ltii.lying 'the
s.dereal tn.ie by lo. To avoid this constant n.ultiplication, it
IS ens (.n.ary in astronomy to express both right ascensions and
tormstnal Io,.g,tudes by hours. Thus the Pleiades are said to
ho m d hours 40 nnnntes right ascension, meaning that they are
on the meridian of any place at 3 hours 40 minutes sidereal
nne. 1 he longitude of the Washington Observatory from
(rroenwich IS 77° '6'- but in astronomical language the lon-n-
tm c IS sa.d to be 5 hours 8 minutes 12 seconds, meaning tlmt
It takes 5 hours 8 minutes 12 seconds for any celestial merid-
ian to pass from the meridian of Greenwich to that of Wash-
ington. In consequence, when it is hour, sidereal time at
Washington it ,s 6 hours 8 minutes 12 seconds sidereal time
at (jtreenwich.

About March 22d of every year, sidereal hour occurs very
nearly at noon On each successive day it occurs about 3 min-
utes 06 seconds earlier, whic-li in the course of a year brin-s
It back to noon again. Since the sidereal time gives the posi-
tion of the celestial sphere relatively to the meridian of any
place, It ,s convenient to know it in order to iind what staii
uro on the meridian. The following table shows the sidereal
tune of mean, or ordinary civil, noon at the beginning of each
month: *

T Hri. Min.
Janimry jg ^r,

Fobiimiy 20 47
Jraich

22 37

fP"'
'.'.*.".".".'.'.".'.'.".

''o 40
^^"y

2 38
J"""

4 40

T ,
U". Min.

J">y
G 38

August 8 40
September ]q 43
October 22 41
November 24 43
December k; 42

The sidereal time at any hour of the year may be found
i-oni the preceding table by the following process within avery few minutes

:
To the number of the preceding table

corresponding to the month add 4 minutes for each day of
tlie month, and the hour past noon. The sum uf these num.

i

p., .t4

" * ti

i,i"3"
.»

ii'"

fi i 'fi

^^1
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bers, subtracting 24 hours if the sum exceeds that quantity,

will give the sidereal time. As an example, let it be required

to find the sidereal time conci^punuing to November 13th at

3 A.M. This is 15 hours past noon. So wo have

lln. MIn.

November, from table -•• ^^ ^^

13 daysx* « ^^2

Past noon }J^ ^
Sum 30 35

Subtract ^ ^'

Sidereal time required ^ '^^

The sidereal time obtained in this way will seldom or never

be more than five minutes in error during the remainder of

this century. In every observatory the principal clock runs

by sidereal time, so that by looking at its face the astronomer

knows what stars are on or near the meridian. Having the

sidereal time, the stars which are on the meridian may bo

found by reference to the star maps, where the right ascen-

sions are shown on the borders of the maps.

§ 2. The Meridian Circle^ and its Use.

As a complete description of the various sorts of instru-

ments used in astronomical measurements, and of the modes

of using them, would interest but a small class of readers,

we shall confine ourselves for the present to one which mav

be called the fundamental instrument of modern astronomy,

the application of which has direct and immediate reference

to the circles of the celestial sphere described in the preceding

section. This one is termed the Meridian Circle, or Transit Cir-

cle. Its essential parts are a moderate-sized telescope balanced

on an axis passing through its centre, with a system of fine

lines in the eye-piece ; one or two circles fastened on the axis,

revolving with the telescope, and having degrees and subdi-

visions cut on their outer edges; and a set of microscope mi-

crometers for measuring between the lines so cut. Ifc is abso-

lutely necessary that every part of the instrument shall be of

the most perfect workmanship, and that the masonry piers on

If'--
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wliich it is mounted shall be as stable as it is possible to make
tiicm.

There are many differences of detail in the construction
and mounting of diiTorent meridian circles, but thev all turn
on an east and west horizontal axis, and therefore the telescope
moves only ni the pliuie of the meridian. Fig. 45 shows the

FiQ. 4B.-Tlie Washington transit circle.

cons ruction of the great circle in the Naval Observatory,
Washington. The marble piers, PP, are supported on a mass
of masonry under tli- floor, the bottom of which is twelve feet
below the surface of the ground. The middle of the telescope
is tormed of a large cube, about fifteen inches on each side
l^roni the east and west side of this cube extend the trunn-
ions which are so large next the cube as to be nearly conical
in shape. The outer ends terminate in finely ground steel
pivots two and a half inches in diameter, which rest on brass
V s nrmly fixed to heavy castings set into the piers with hv-
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dranlic cement. In order that the delicate pivots may not

bo worn by the whole weight of tlie instrument resting on

them, the counterpoises, Bli, support all the weight except 30

or 40 pounds. Near the ends of the axis are the circles, seen

edgewise, which are firmly screwed on the trunnions, and there-

fore turn with the instrument. Each pier carries four arms,

and each of these arms carries a microscope, marked m, hav-

ing in its focus the face of the circle on which the lines are

cut. These lines divide the circle into 360°, and each degree

into thirty spaces of two minutes each, so that there are 10,800

lines cut on the circle. They are cut in a silver band, and arc

so fine as to be invisible to the naked eye unless thu light is

thrown upon thcni in a particular way. On each side of the

instrument, in a line with the axis, is a lamp which throws

light into the telescope so as to illuminate the field of \iew.

Reflecting prisms inside of the pier throw some of the light

upon those points of the circle which arc viewed by the mi-

croscopes, so as to illuminate the fine, divisions on the circle.

Being thus limited in its movements, an object can be seen

with the telescope only when on, or very near, the meridian.

The sole use of the instrument is to observe the exact times

at which stars cross the meridian, and their altitudes above

the horizon, or distances from the zenith, at the time of cross-

ing. To give precision to these observations, the eye-piece of

the instrument is supplied with a system of fine black lines,

usually made of spider's web, as

shown in Fig. 46. These lines

are set in the focus, so that tlie

image of a star crossing the me-

ridian passes over them. Tlie

middle vertical spider line marks

the meridian ; and to find the

time of meridian transit of a star

it is only necessary to note the

moment of passage of its image

. ^ , , , . , over this line. But, to give great-
FiG.4C.—Spider lines m Held of view of ' ° ^

a meridian circle. er precision and certamty to Jus
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t,an»,t o>er fn„ or rnoro I,„es, a„d take^ tho average of tl.e.n

li»tumii! to ho l,eat of l„a sidereal clock, couiitine tho mlo.Kl», and ostunat ng the tenths of a second at wh luhe ,r™
s.t over a l,no took plaeo. If, f„r instance, he shon d fi d t™he star had not reached the lino when the tick of 1

"

tlirce seconds was heard, but crossed before the twenty fo I
2"..<1 was t,ckcd,he wonid know that the tin.e w s'^we
t

.

ee seconds and son.o fraction, and wonId have .0 esti a o-.mt hat fracfon was. A skilful observer will ™ eXmake th,s estnnate within a tenth of a second, and trilIonK-on mro occasions be in error by as much as two tenths
^

bhortly after the introduction of the eleetric-teleo.ra„h theA,„er,ca„ astronon.e,. of that day introduced a nmch easier

J
hod deternnning the tin.e of transit of a sta Iw „,ta

ro nd
"""<''""«':>'""'«' '"»-ing a sheet of paper wrappedaioiud It, at^d niaknig one revolution per minute A L

-~W ']
™"""'"'' "'"' " '^i-Phiol prats'

"

nark r* 1
"'"" " "»""'

'' ^™' '° "'^ I'cn it makes

,1,1, ,"""= ''"P^''- ™' I«» '™™ lengthwise ofeyhnder at the rate of about an inch in ten lin es so

ok, ,1,0 pen ,s connected with the 6ide,-eal clock, so that theatter eauses the pen to n,ake a sigual eve,y ae end T e^ame pe,, may be worked by a telegraphic key in the ha, d

at
1!:':,:™''- ^'? T7' '~'""S '"'» '- teleseo ,0 a d«td ,ng the app,.oach of the image of the star to each wi,-e

an ,lt,n i -""."'r
«''™<>g™Pl' i" its p.'oper placemnong the clock signals, f,-o,n which it may be distingnished

XT,!::T:,T'f ?" ™°^'' '^ V-.anen, fn" tt>.lieet may be taken off and read at leisure, the exact tenth of
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a second at which each signal was made being seen by its

position among the clock signals. The great advantages of

this method are, that great skill and practice are not required

to make good observations, and that the observer nv°.ed not see

either the clock or his book, and can make a great number of

observations in the course of the evening which may be read

,ofE at leisure. In the case of the most skilful observers there

is no great gain in accuracy, for the reason that they can esti-

mate the fraction of a second by the eye and ear with nearly

the same accuracy that they can give the signal.

The zenith distance of the star, from which its declination

is determined, is observed by having in the reticule a hori-

zontal spider line which is made to bisect the image of the

star as it passes the meridian line. The observer then goes to

the microscopes, ascertains what lines cut on the circle are un-

der tliem,and what number of seconds the nearest line is from

the proper point in the field of the microscope. The mean of

the results from the four microscopes is called the cirde-readimj,

and can be determined within two or three tenths of a second

of arc, or even nearer, if all the apparatus is in the best order.

The minuteness of this angle may be judged by the circum-

stance that the smallest round object a keen eye can see sub-

tends an angle of about forty seconds.

We have described only the leading operations necessary in

determinations with a meridian circle. To complete the de-

termination of the position of a star as accurately as a prac-

tised observer can bisect it with the spider line is a much more

complicated matter, owing to the unavoidable errors and im-

perfections of his instrument. It is impossible to set the lat-

ter in the meridian with mathematical precision, and, if it were

done, it would not remain so a single day. When the astron-

omer comes to tenths of seconds, he has difficulties to contend

with at every step. The effects of changes of temperature

and motions of the solid earth on the foundations of his in-

strument are such as to keep it constantly changing ; his clock

is BO far from going right that he never attempts to set it per-

fectly right, but only determines its error from his observa-

t !'
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tions Eveiy observation must, therefore, bs corrected for anumber of instrumental errors before the result is accurate
an operation many times more laborious than merely makin,

'

the observation.
'g

§ 3. Determination of Tetrestrial Longitudes.

The telegraphic mode of recording observations, describedm the last section, affords a method of determining differences
ot longitude between places connected by telegraph of ex-
traordinary elegance and perfeciion. We have ab-eady shown
that the difference of longitude between two points! meas-
ured by the time it takes a star to move from the meridian of
he easternmost point to that of the westernmost point We
have also explained in the last section how an observer with a
meridian circle determines and records the passage of a star
oyer his meridian within, a tenth of a second. Since the ze.
mta distance of the star is not required in this observation, the
circles and microscopes may be dispensed with, and the instru,
ment is then much simpler in construction, ahd ie termed a
Transit Instrument When the observer makes a teleo-raphic
:x3cord of the moment of transit of a star by striking a\ey in
the manner described, it is evident that the electro -chrono-
graph on vvhich his taps are recorded may be ?A- any distance
to which the electric current can carry his signal. It may
^erefore, be in a distant city. There is no^ difficulty in a
Washington observer recording his observations in Cincinnati.
On tins system, the mode of operation is about as follows:

the Washington and Cincinnati stations each lias its transit in-
strument, its observer, and its chronograph; but the chrono-
graphs are connected hy telegraph, so that any signal made
by either ooserver is recorded on both chronographs. As
tJie AVashmgton observer sees a star previously agreed on pass
o^er the lines in the focus of his instrument, he makes sig-
nals with his telegraphic key, which are recorded both on h!sown cJironograph and on that of Cincinnati. When the star
reaches the meridian of the latter city, the ofeserver there sig-
nals the transit of the star in like manner, and the moment

12
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of pnssafifo over each lino in tho focus of his instrumont ia

recorded, both in Cincinnnti and Washington. Tho ohipscd

time is then found by measuring off tho chronograph slieets.

Tho reason for having all tho observations recorded on both

chronographs is that tho results may bo corrected for the time

it takes tho electric current to pass between tho two cities,

wliiich is quite perceptible at great distaiujcs. In consequence

of this " wo.vo-time," the Washington observation Avill bo re-

corded a little too lato at Cincinnati, so that tho difference of

longitude on tho Cincinnati chronograph will be too small.

The Cinciimati observation, which comes last, being recorded

a little too lato at Washington, the differenco of time on the

Washington chronograph will be a little too great. The mean

of the results on tho two chronographs will be the correct

longitude, while their differenco will bo twice the time it takes

tho electric ctuTont to pass between the two cities. Tho re-

s\ilts thus obtained for the velocity of electricity are by no

means accordant, but the larger number do not differ very

greatly from 8000 miles per second.

A celestial meridian moves over the earth's surface at the

rate of fifteen degrees an hour, or a minute of arc in four sec-

onds of time. More precisely, this is the rate of rotation of

the earth. Tho lengtli of a minute of arc in longitude de-

pends on tho latitude. It is about GOOO feet, or a mile and a

sixth at the equator, but diminishes whether we go north or

south, owing to tho approach of the meridians on the globular

earth, as can be seen on a globe. In the latitude of our Mid-

dle States it is about 4600 feet, so that tiic surface of the earth

there moves over 1150 feet a second. At the latitude of

Greenwich it is 3S00 feet, so that tho motion is 950 feet per

second. Two skilful astronomers, by making a great num-

ber of observations, can determine tho time it takes the stars

to pass from one mei'idian to another within one or two hun-

dredths of a second of time, and can therefore make sure of

the difference of longitude between two distant cities within

six or eight yards.

Of late the telegraphic method of determining longitudes
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has been applied in a way a little diiTerent, though resting on
tho same prn.cplos. Instead of recording the transits of stars
on botli chronographs, each observer determines tho error of
MB clock by transits of stars of which the right ascension hasboon carefully detennined. Each clock is then connected with

1.0 h chi..nographs by means of the telegraphic lines, and nude
record :ts beats for the space of a few n,inutes only. Thul

ho difference between the sidereal times at the two stations
for the same mo.nent of absolute time can be found, and this
ddlorence is the difference of longitude in time. AC yea

Uknt '^r p'^r^^^'
«f '-'gitude between points on the

Atlantic and Pacific coasts was determined by the Coast
burvey, a clock in Cambridge was made to record its beats ona chronograph m San Francisco, and vice versa. In 1866 assoon as the Atlantic cable had been successfully laid, Dr 13 AGould M-ent to Europe, under the auspices of the Coast Survey'
to ctermine the difference of longitude between Europrand
America. Owing to the astronomical importance of this de-
tern,mat.on it has since been twice repeated, once under the
direction of Mr. Dean and, lastly, under that of Mr. Ililgard,
both of the Survey. These three campaigns gave the foHow
n.g separate results for the difference of longitude between

X^^^:^^^'''
''"""^^'' ^"' ''''' ''^'^' ^^^--^-

I^'-- Gould, 1867 T7\on
^^•""«-^.i«72 zzi I nil

lt""T'\'^'^''T''''
^"^ ^' ^^^^'^« !««« than a tenth ofa second, and would probably have been smaller but for tlien uierous difficulties attendant on a determination through n

lo||8 ocean cable, which are much greater than through a land

is ItTi^ f'
• '^"^^^ ^"' '^'' determination of longitude

necessarily Imuted, and other methods must thereforS gen-

t do .l' ;;' 1

The general problem of determining a longi-t"Je, whether that of a ship upon the ocean or of a statifn
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upon the land, depends on two requirements : (1) a knowledge

of the local time at the station, and (2) a knowledge of the

corresponding time at Greenwich, Washington, or some other

standard meridian. The difference of these two represents

the longitude.

The first determination, that of the local time, is not a diffi-

cult problem when the utmost accuracy is not required. We
have already shown how it is determined with a transit instru-

ment. But this instrument cannot be used at all at sea, and

is somewhat heavy to carry and troublesome to set up on the

land. For ships and travellers it is, therefore, much more con-

venient to use a sextant, by which the altitude of the sun or of

a star above the horizon can be measured with very little time

or trouble. To obtain the time, the observation is made, not

when the object is on the meridian, but when it is as nearly as

practicable east or west. Having found the altitude, the calcu-

lation of a spherical triangle from the data given in the JVau-

tical Almanac at once gives the local time, or the error of the

chronometer on local time.

The difficult problem is to determine the Greenwich time.

So necessary to navigation is some method of doing this, that

the British Government long had a standing offer of a reward

of £10,000 to any one who would find a successful method

of determining the longitude at sea. When the office of As-

tronomer Eoyal was estabhshed, which was in 1G75, the duty

of the incumbent was declared to be " to apply himself with

the most exact care and diligence to the rectifying the Ta-

bles of the Motions of the Heavens, and the places of the

Fixed Stars, in order to find out the so much desired Longi-

tude at Sea for the perfecting the Art of Navigation." The

reward above referi-ed to was ultimately divided between an

astronomer, Tobias Mayer, who made a great improvement in

the tables of the moon, and a watch-maker who improved the

marine chronometer.

The moon, making her monthly circuit of the heavens, may

be considered a sort of standard clock from which the astron-

omer can learn the Greenwich time, in whatever part of the
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world he may And himself. This he doe, by observing her bo-s t,o„s among the stars. The Nautical Allnac giv's the P™djcted distance of the moon from certain other bodielsmtplanets or bright sfare-for every three hours of r !

'

lime; and if the astronomer or Lviglr mcas, re! Zli
'

tance w.th a sextant, he has the metns ofTdi : f "what"Greenwich fame the distance was eqaal to that mea Tred Tin
fortunately however, this opc-ation is much li ha "f deS^'...n,ng the time from a clock which has nothing but antuhand. The moon moves among the stars only about 13°

i„'a .h^', and her own diameter in an hour. If the'^bser" r wantes Greenwich time within half a minute, he must deteimTne

1
ei diameter. This is about as near as an ordinary observe-a. sea can come with a sextant ; .ud yet the error would be 74

i>c7ont"f'"b
" ^T '"^ "'^^ "' --t-sr n bt olamcd only by having the moon's place relatively to the st^rsedioted with gi^at accuracy; and here we meet wit Le o

iorhvlTlS T*"^ «f.-fono,ny,the eiforts ^ ol™niuoii nave alreaoy Deeii mentioned
In addition to the uncertainty of which we have spokenlu method IS open to the objection of being difficult o^ritiJ

^
the ong calculation necessary to free the in'easured distanc!foni the effeete of the refraction of both bodies by the a mo

'

l-hoie, and of the pai-allax of tlie moon. On ordinary vovte^"avgatoi. prefer to trust to tlieir chronomete^ t'c Z°oAo chronometer on Greenwich time :.„d its dan latearedotormined at ports of which the longitude is know^ a, d theavigator can then calculate this error on the supZita ^^^

^
chronometer gains or loses the same amoume e^ dayya^ between Europe and Americ. a good chi/nlt

.«%!" "^''' ™''' " =' "' " ""^-^ ="' "- P"P0^3 of

ahpses of Jupiter's hi^t satellite. The Greenwich or Wash-

\n11
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i jgton times at which the eclipses are to occur are given in

the Nautical Almanac, so that if the traveller can succeed in

observing one, he has his Greenwich time, at once, without any

calculation whatever. But the error of his observation may

be half a minute, or even an entire minute, so that this meth-

od is not at all accurate.

Where an astronomer can lit up a portable observatory, the

observation of the moon affords him a much more accurate

longitude than it does the navigator, because he can use better

instruments. If he has a transit instrument, he determines

from observation the right ascension of the moon's limb as

she passes his meridian, and then, referring to the Nautical

Almanac, he iiiids at what Greenwich time the limb had this

right ascension. A single transit would, if the moon's place

were correctly predicted, give a longitude correct within six

or eight seconds of time. It is found, however, that, owing to

the errors of the moon's tables, it is necessary for the astron-

omer to wait for corresponding observations of the moon at

. some standard observatory before he can be sure of this de-

gree of accuracy.

§ 4. Mean, or Clock, Time.

We have hitherto described only sidereal time, which corre-

sponds to the diurnal revolution of the starry sphere, or, more

exactly yet, of t)\e vernal equinox. Such a measure of time

would not answer the purposes of civil life, and even in astron-

omy its use is generally confined to the determination of right

ascensions. Solar time, regulated by the diurnal motion of the

sun, is almost universally used in astronomical observations as

well as in civil life Formerly, solar time was made to con-

form absolutely to the motion of the sun ; that is, it was noon

when the sun was on the meridian, and the hours were those

that would be given by a sundial. If the interval between

two consecutive transits of the sun were always the same,

this measure would have been adhered to. But there are two

sources of variation in the motion of the sun in right ascen-

sion, the effect of which is to make these intervals unequal

:
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1. The eccentricity of the earth's orbit. In consequence
of this EG already explained, the angular motion of the earth
round the sun is more r^pid in December, when the earth is
nearest the sun, than in June, when it is farthest. The aver-
age or mean, motion is such that the sun is 3 minutes 56 sec-
onds longer in returning to the meridian than a star is. But
owing to the eccentricity, this motion is actually one-thirtieth
greater in December, and the same amount less in June- oto It varies from 3 minutes 48 seconds to 4 minutes 4 ^ec-

2. The principal source of the inequality referred to is thebhquity of the ecliptic. When the sun is near the equinoxes
his motion among the stars is oblique to the direction of the
duirnal inotion; while the latter motion is directly to the
west, the former is 23^ north or south of east. If, then, sunand star cross the meridian together one day near the equinox
ae will not be 3 minutes 56 seconds later than the star in
crossing the next day, but about one-twelfth less, or 20 sec-

!1 , ^^%f''^ ^V^'"
^'^'' ^^ ^^'^ equinoxes, the solar days

are about 20 seconds shorter than the average. At the sol-
stices, the opposite effect is produced. The sun, being 23^°
nearer the pole than before, the diurnal motion is slower, and
It takes the ^m 20 seconds longer than the regular intervil of
3 minutes .6 seconds for that motion to cni?y the sun over
ti^ space which separates him from the star vhich culminat-

on li ..
' ^'^' ^'^'''- ^^" ^^^« ^'^ ^^ 20 seconds

longer than the average, from this cause.
So long as clocks could not be made to keep time within

20 seconds a day. these variations in the course of the sun
^vere not found to cause any serious inconvenience. Bufc
«lien clocks began to keep time better than the sun, it be-came necessary either to keep putting them ahead when the6un went too fast, and behind when he went too slow, or togive up the attempt to make them correspond. The latter
^ourse 18 now universally adopted, where accurate time is re-

a " ml'n T'^'^'t .'"" ^'' '™^ ^^^"^' "^' ^'^^ '^^^ «""' but
niean sun, which is sometimes ahead of the real one, and
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fiometimes behind it. The irregular time depending on the

motion of the true sun, or that given by a sundial, is called

Apparent Time, while that given by the mean sun, or by a

clock going at a uniform rate, is called Mean Time. The two

measures coincide four times in a year ; during two interme-

diate seasons the mean time is ahead, and during two it is

behind. The following are the dates of coincidence, and of

maximum deviation, which vary but slightly from year to

year

:

Februaiy 10th True sun 15 minutes slow.

April 15th
" " correct.

Miiy 14th
" ''

4 minutes fast.

June 14th
" " correct.

July 25th
'* "

6 minutes slow.

August 31st
" " correct.

November 2d
" " 10 minutes fast.

December 24th
" " correct.

When the sun is slow, it passes the meridian after mean noon,

and the clock is faster than the sundial, and vice versa. These

wide deviations are the result of the gradual accumulations of

the deviations of a few seconds from day to day, the cause of

which has just been explained. Thus, during the interval be-

tween November 2d and February 12th, the sun is constantly

falling behind the clock at an average rate of 18 or 19 seconds

a day, which, continued through 100 days, brings it from 16

minutes fast to 15 minutes slow.

This difference between the real and the mean sun is called

the Equation of Time. One of its effects, which is frequently

misunderstood, is that the interval from sunrise until noon, as

given in the almanacs, is not the same as that between noon

and sunset. This often leads to the inquiry whether the fore-

noons can be longer or shorter than the afternoons. If by

" noon " we meant the passage of the real sun across the me-

ridian, they could not ; but the noon of our clocks being some-

times 15 minutes before or after noon by the sun, the former

may be half an hour nearer to sunrise than to sunset, or via

versa.
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CHAPTER III.

MEASURING DISTANCES IN THE HEAVENS.

§ 1. Parallax in General
The determination of the distances of the heavenly bodiesfr m US IS a much more complex problem than merely determ ung their apparent positions on the celestial sphere Thelatter depend entirely on the direction of the bod£ fL the

seem to occupy the same position, no matter how much fartherne may be than the other. Notwithstanding t^e eLrmoud.fferences between the distances of different helven y bod eTthere is no way of telling even which is farthest and wh ch

=tl=.^-1rC' "^ ^^" ^" "*^'^-

most general way, as the difference betweenV ' " '^'

directions of a body as seen from two different
points Other conditions being equal, the
more distant the body, the less this differ-
ence, or the less the parallax. To show, in
1 16 most elementary way, how difference of
direction depends on distance, suppose an

S • 1
''""'' ''" ^^ "'^^'^ ^°«Pe«tion /o Awhich IS the more distant. But suddosp hp

walks over to the noinf P Tt
' '"PP^^^ ^^ Fxo.47.-Diagramillu8.

P^'"*^ ^- ^Oth lights will fatiug parallax.

- than the „h. 4 fo^C, ^Tl^l^nl^Z

//A\

' 'A'\
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observer wag at 0, it is now to the left of it. The observe?

can then say with entire certainty that A is nearer than B.

As a steamship crosses the ocean, near objects at rest

change their direction vapidly, and soon flit by, while more

distant ones change very slowly. The stars are not seen to

change at all. If, however, the moon did not move, the pas-

senger would see her to have changed her apparent position'

about one and a half times her diameter in consequence of

the journey. If, when the moon is near the meridian, an ob-

Berver could in a moment jump from New York to Liverpool,

keeping his eye tixed upon her, he would see her apparently

jump in the opposite direction about this amount.

Astronomically, the direction of an object from an observ^er

is determined by its position on the celestial sj^here ; that is,

by its right ascension and declination. In consequence of

parallax, tlus declination of a body is not the same when seen

from different parts of the earth. As the moon pap='^s the

meridian of the Cape of Good Hope, her measured declina-

tion may be a degree or more farther north than it is wlien

she passes the meridian of Greenwich. The determination of

the parallax of the moon was one of the objects of the British

Government in establishing an observatory at the Cape, and

so well has this object been attained that the best determina-

tions of the parallax have been made by comparing the Green-

wich and Cape observations of the moon's declination.

The determination of the distance of a celestial object from

the parallax depends on the solncion of a triangle. If, in Fig.

48, we suppose the circle to represent the earth, and imagine

an observer at A to view a celes-

tial object, M, he will see it pro-

jected on the infinite celestial

sphere in the direction ^3/ con-

tinued. Another observer at A'

will see it in the direction A'M.

The difference of these directions

is the angle at M. Knowing all

Fio. 43.-Diagram illustrating parallax, the angles of the quadrilateral
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.i»'^'.i;;"„bj:cS: iir ""'":'
-^T'

^^' *'' <>-

bo found b, solving a simple p.oblon! Sgtot'e^;'
'^' ""

t In Zd of . vt '"' ^''''' J"^^ ^^«"^^^ ^"d elucidatedIt. inbtead of the difference of directions of a celestial bnrlvseen from any two noinfs fho « f,.

ceitstiai body
,!•«: 1

^ points, tlie astronomer generallv mointi fhndifPorence between lie direction
i=^"^'aiiy means the

of tl.o body as it wonM ai>pear
from the centre of the earth, and
the dii-ection seen bj an observer
at the surface. Thus, in Fiir. 49^
an observer at tlie centre of the
earth, (7, would see the object M'
in tlie direction CM', while one
on the surface at P will see it in
the direction PJIF. The differ- v ,

enco of these directions i<s flm t..

ano-lo Pirr
"'''', "^ '' ^''^ P.o. 4U.-VaHation of parallax with theangle j M C. If the observer mtitude.

should be at the point where the line M'C intersects the sur.face of the earth, there would be no parallax: in tiroasee object would be in his geocentric zenith. If, o , e oX;dt.o server has the object in his hori.on, so thaU

CM''pi , Tr\ '''• '^' '"'•^"^" ^f '^'^ ^^r«». the angle

f ifloo t%' 'Z ""
l''

''''' *^^^ ^^^"-"^^^1 P--"-
tl.i "as . „: Z\:f "' °^

*^^r""
^'-^^^ ^'t - the same

those anr^ ^ "
'^T''''

^^ '^'' ^^''^J^ ^"^tends twicethose angles as seen from the moon and sun respectively

sllw f M .'T'
^"«^'' *^^*^ P°^^^* <5'a"^eter being the

tlterl'; ' "f
'"

T"'""' *'^ ^^"^^^^- The equa^r d™ X "-^'^^-P^^f. ^y astronomers as the standard

rkl II : f .,

^^esponding parallax, that is, the equato-nal Md.us of tlie earth as seen from a celestial body, is calledthe Bciuatonal Horizontal Parallax of that body

h f'

I
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To measure directly the distance of the moon or any other

heavenly body, the line PC must be replaced by the line join-

ing the positions of the two observers, called the base-line.

Knowing the length and direction of this base-line, and the

difference of directions, or parallax, the distance is at once ob-

tained. If the absolute length of the base-lino should not be

known, the astronomer could still determine the proportion

of the distance of the object to the baso-line, leaving the final

determination of the absolute distances to be made when the

base-line could be measured.

It is not always necessary for two observere actually to sta-

tion themselves in two distant parts of the earth to determine

a parallax. If the observer himself could move along the

base-line, and keep up a series of observations on the object, to

see how it seemed to move in the opposite direction, he would

still be able to determine its distance. Now, every observer is

actually carried along by two such motions, because he is on

the moving earth. He is carried round the sun every year,

and round the axis of the earth every day. We have already

shown how, in consequence of the first motion, all the planets

seem to describe a series of epicycles. This apparent motion

is an effect of parallax, and by means of it the proportions of

the solar system can be determined with extreme accuracy.

The base-line is the diameter of the earth's orbit. But the

parallax in question does not help us to determine this base-

line. To find it, we must first know the distance of the earth

from the sun, and here we have no base-line but the diameter

of the earth itself. Nor can the annual motion of the earth

round the sun enable us to determine the distance of the

moon, because the latter is carried round by the same motion.

The result of the daily revolution of the observer round the

earth's axis is, that the apparent movement of the planet along

its course is not perfectly uniform : when the observer is east,

the planet is a little to the west, and vice versa. By observing

the small inequalities in the motion of the planet correspond-

ing to the rotC'.tion of the earth on its axis, we have the means

of observing its distance with the earth's diameter as a base-
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line, and this diameter is well known. Unfortunately hnw

planets, that the parallax m question almost eludes measnm

T: tr'"."'
""= r^ "f "'-« P'^ets which a^T^^the earth, aua eveu then it is so minute that its aceur^te de^—

n as one of the most difficult problems oTmoder;

re^utioa-ottll/'f
""' '" determining a parallax from thereiolution of the observer around the earth's axis is that theobscrvafons are not to be made in the meridian,buX,^ tieplanet .s near the horizon in the east and wes . hTu™ 1 emost accurate and convenient instrument of all, the nerd an.rcle, cannot bo used, and .-ecourse must be had to mehT^of observation subject to many sources of error

In measuring very minute parallaxes, it may be doubtfulwhether the position of the body on tl,; eelestil sphe"e canbe determmed with the necessary accuracy. In thfsclr
ort >s sometimes had to relative parallax.^ By thisisTea^fte d,fference between the parallaxes of two bodies lyil net

" *;f "<> direction. The most notable exa.nple of th s

;^

afforded by a tmnsit of Tonus over the face of the ™

on., a small part of tie l^cfn tnX'sTet^turrplanet ,s actually between us and the sun, so as to beTefb™lected on the sun's face, the apparent d stance of thTpirnet'

difflZ
'

? ^T"^'- ^°""""-' "'« distance win bed fferent as seen from different parts of the earth's surface athe same moment, owing to the effect of parallax ; tl I is dif

IntZeJr .•«"' *' "''""S' "'"' <"'^«"-<"J ^"' be only

w1 i ,"
'^''^"''"'"' "^ "'^ parallaxes of the two bodies-wlule both change their directions, that nearest the obse v«

PiBi

, n ^m^.'*
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changes the more, and thus seems to move past the other, ex-

actly as in the diagram of the lights.

It may be asked how the parallax of the sun can be found

from observations of the transit of Venus, if such observations

show only the difference between the parallax of Venus and

that of the sun. We reply that the ratio of the parallaxes of

the two bodies is known with great precision from the propor-

tions of the system. We have already shown that these pro-

portions are known with great accuracy from the third law of

Kepler, and from the annual parallax produced by the revolu-

tion of the earth round the sun. It is thus known that at the

time of the transit of Venus, in 1874, the sun was nearly four

times the distance of Venus, or, more exactly, that he was

3.783 times as far as that planet. Consequently, the parallax

of Venus was then 3.783 times that of the sun. The differ-

ence of the parallaxes, that is, the relative parallax, must then

have been 2.783 times the sun's parallax. Consequently, we

have only to divide the relative parallax found from the ob-

servations by 2.783 to have the parallax of the sun itself.

Still another parallax, seldom applied except to the fixed

stars, is the Annual Parallax. This is the parallax already ex-

plained as due to the annual revolution of the earth in its or-

bit. It is equal to the angle subtended by the line joining the

earth and sun, as seen from the star or other body. When we

say that the annual parallax of «. star is one second of arc, it is

the same thing as saying that a the star the line joining the

earth and sun would subtend an apparent angle of one sec-

ond, or that the diameter of the earth's orbit would appear un-

der an angle of two seconds.

It will be seen that the measurement of the heavens involves

two separate operations. The one consists in the determina-

tion of the distance between the earth and the sun, which ib

made to depend on the solar parallax, or the angle which the

semidiameter of the earth subtends as seen from the sun, and

which is the unit of distance in celestial measurements. The

other consists in the determination of the distances of the stai-s

and planets in terras of this unit, which gives what we may
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call the proportions of the unive.«. Knowing this proportionwe can determine all the distances of the n^iverse Xenre
ef? e Z d"?

''^""'.<^'^"«- of "- "-" is know,; ;tbeforo. The determniation of this distance is, therefore oneof the capital problems ofaatronomy.as well as oneTfX™;^
d,fhcnlt,to the solution of which both ancient and modern1tronomers have devoted many efforts.

§ 2. Measures of the Distance of the Sun.
We have already shown, in describing the phases of themoon, how Aristarchns attempted to determine the disL^Iof the san by measuring the angle between the sun allSemoon, when the latter appeared half illuminated. From thismeasure, the sun was supposed ,0 be twenty times as fa t
t of:^o^rir

"

'-'- '"'^'^ '- '-« -^-' -
Another method of attacking tlie problem was applied bvPtolemy, but .s probably due to Hippai^hus. It vZJlvorymgemous geometrical eonstmetion founded onThe pic pie that the more distant the sun, the narrower will toZshadow of the earth at the distance 'of the moon Thi a!t aldimeter was determined from an ingenious comWnation otwo partial eclipses of the moon, in one of whid, Inlf of th„moon was south of the limit of tl^ shadow, wMe „ thelwthree-fourths of her diameter was north of the lim"t «,at isne fourth of the moon's d,sk was eclipsed. Itw™ hus fo„ d'

^i^^tr^f tTrshaittorsr-^"^ *^ ^"'-

r dt of th„ T V?f^^^ ™^ 3' 11", and his distance 1210

fern 1 . • J*"'.'
'^"" "^ "" ™'™ mistake, arisin"

Kea.ly, the paralta >s so minute as to elude all measuremfn

:^ or/,r;Ttt^'i•"^f'•"^''"°'-'*'^"™^^^^^^
trnnnn. I/

^^^^p" ^^^ ^'^s result continued to %nre in as

1"^^^^^^^^^
""

'^"r"
^^"^""- during which th «jlr^orjest of Ptolemj was the supreme authority, without, appar-

ent

\:m

i>::»
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ently, any astronomer being bold enough to seriously under-

take its revision.

Kepler and his contemporaries saw clearly that this distance

must be far too small ; but all their estimates fell short of the

truth. Wendell came nearest the truth, as he claimed that

the parallax could not exceed 15". But the best estimate of

tie seventeenth century was made by Huyghens,* the reason

why it was the best being that it was not founded on any

attempt to measure the parallax itself, which was then real-

ly incapable of measurement, but on the probable magnitude

of the earth as a planet. The parallax of the sun is, as al-

ready explained, the apparent semidiameter of the earth as

seen from the sun. If, then, we can find what size the earth

would appear if seen from the sun, the problem would at once

be solved. The apparent magnitudes of the planets, as seen

from the earth, are found by direct measurement with the

telescope. The proportions of the solar system being known,

as already explained, it is very easy to determine the magni.

tudes of all the planets as seen fron- the sun, the earth aloue

excepted. The idea of Huyghens was that the earth, being a

planet, its magnitude would probr^ly be somewhere near that

of the average of the two planets on each side of it, namely,

Venus and Mars. So, taking the mean of the diameters of

Venus and Mars, and supposing this to represent the diameter

of the earth, he found the angle which the semidiameter of

the supposed earth would subtend from the sun, which would

be the solar parallax.
'

Although this method may look like a happy mode of

guessing, it was much more reliable than any which had be-

fore been applied, for the reason that, in supposing the mag-

nitude of the earth to be between those of Venus and Mars,

he wts likely to be nearer the truth than any measure of at

angle entirely invisible to the naked eye would be.

An attempt of the same kind made by Horrox, celebrated

in the history of astronomy as the first observer of a transit

* At the close of his "Systema Saturnium."

'.
. rl !,;
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of Venus is also worthy of mention. He held a tiieory, which
wc now know to be erroneous, that the dia.neters of the plan-
ets were proportional to their distances from the sun, so that
their angular dmmeter as seen from the sun would be the
same for them all. This angular diameter he estimated at
28 .

The solar parallax being equal to the semi-diameter of
the earth, as seen from the sun, it would follow from this that
the solar parallax was 14". This result, though much farther
from the truth than that of Huyghens, was a great advance
on any that had preceded it.

We now come to the modern methods of measurin'r the
parallax of the sun. These consist, not in measurincr thi? par-
allax directly, because this cannot even now be done" with any
accuracy, but in measuring the parallax of one of the planets
V enus and Mars when nearest the earth. These planets pass-
ing from time to time much nearer to us than the sun does,
liave then a much larger parallax, and one which can easily
be measured. Having the

i
arallax of the planet, that of the

sun IS determined from the known proportion between their
respective distanoes.

Tlie first application of this method was made by the French
astronomers to the planet Mars. In 1671 they sent an ex-
pedition to the colony of Cayenne, in South America, which
made observations of the position of Mars during the opposi-
tion of 1672, while corresponding obsen^ations were made at
the Paris Observatery. The difference of the two apparent
positions, reduced to the same moment, gave the parallax of
Mars. From a discussion of these observations, Cassini con-
cluded the parallax of the sun to be 9''.5, corresponding to a
distance of the sun equal to 21,600 semidiametei^ of the earth
llus Gistance was as much too small as Huyghens's was too
great, so that, as we now know, no real improvement was
made. Still, the data were much more certain than those on
which the estimate of Huyghens was made, and for a hundred
years it was generally considered that the sun's parallax was
about 10", and his distance between 80 and 90 millions of miles.
The method by observations of Mai-s is still, in some of its

I 13
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forms, among the most valuable which have been applied to

the determination of the solar parallax. About once in six-

teen yeai*8 Mars approaches almost as near the earth as Venus

does at the times of her transits, the favorable times being

those when Mare at opposition is near his perihelion. His

distance outside the earth's orbit is then only 0.373 of the as-

tronomical unit, or 34^ millions of miles, while at his aphe-

lion the distance is nearly twice as great. At the nearest op-

positions, his parallax is over 23", an angle which can be meas-

ured with some accuracy. The displacement of the planet

due to parallax is then found by comparing the results of ob-

servations in the two hemispheres.

An expedition of this sort was that of Captain James M.

Gilliss,late of the United States Navy , who went out to Chili in

1849, and remained till 1852, for the purpose of observing the

parallaxes of both Venus and Mars. The most recent expe-

dition was that made to the Island of Ascension, in the year

1877, by Mr. David Gill, now Astronomer Eoyal at the Cape

of Good Hope. In that year thd opposition of Mars occurred

within a few days of the time of his passing perihelion, so that

he approached nearer the earth than at any time within the

last thirty years. Mr. Gill took advantage of this circum-

stance to determine the parallax by the aid of the heliometer.

He did not, however, depend upon corresponding observations

in other regions of the earth, but planned out his work so as

to measure the change in the direction of Mai-s as the ob-

server was carried around by the rotation of the earth. In

consequence of this, when Mars was near either horizon he

would appear lower down than if he were viewed from the

centre of the eartii. The Island of Ascension being near the

equator, the direction down when Mars was in the east would

be nearly opposite the corresponding direction when Mars

was in the west. Consequently, the motion of Mai-s would

flot be perfectly uniform and regular, but there would be a

daily oscillation due to parallax which Mr. Gill undertook to

measure. Tiie linal result of his observations gave 8".78 for

the solar parallax.
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§ 3. Sidar Parallaxfrom Transits of Venus.

The most celebrated method of determining the solar paral-
lax has been by transits of Venus ONer tlie face of the sun, by
which the difference between the parallax of the planet and
that ot the sun can be found, as explained in § 1. We know
from our astronomical tables that this phenomenon has recur-
red in a certain regular cycle four times every 243 years formany centuries past. This cycle is made up of four intervals
I^ lengths of which are, in regular order, 105^ years, 8 years!
121i yeai-s, 8 years, after which the interNuls repeat them-
se yes. The dates of occurrence for eight centuries are aa
follows

;

1^'*^ June 2(1,

I'^Sfi June 1st.

1^31 December 7th.
^^39 December 4th.
17G1 June 5th.
1769 June 3d.
'^^* December 9th.

'^^2 December 6th.
2004 June 8th.

2012 JuneGth.
21' 7 December II th.

2'25 December 8th.
22-47 June 11th.
2255 June 9th.

It has been only in comparatively recent times that tliis phe-
nomenon could be predicted and observed. In the years 1518
and 1526 the idea of looking for such a thing does not seem
to have occurred to any one. The following century gave
birth to Kepler, who so far improved the planetary tables
as to pi^dict that a transit would occur on December 6th,
lOdl. 13ut It did not commence until after sunset in Eu-
rope, and was over before sunrise next morning, so that it
passed entirely unobserved. Unfortunately, the tables w.ere

ansit
so far from accurate that they failed to indicate the tr,
winch occurred eight years later, and led Kepler to announce
tlia the phenomenon would not recur till 1761. The transit
ot 1639 would, therefore, like all former ones, have passed
entirely unobserved, had it not been for the talent and enthu-
eiasm of a young Englishman. Jeremiah Ilorrox was then ayoung curate of eighteen, residing in the North of En-land
vvlio, even at that early age, was a master of the astronomy of

fjteia^^w**^
''
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his times. Comparing different tables with his own observa-

tious of Venus, he found that a transit might be expected to

occur on December 4th, and prepared to observe it, after the

fashion then in vogue, by letting the image of the sun passing

through his telescope fall on a screen behind it. Unfortu-

nately, the day was Sunday, and his clerical duties prevented

his seeing the ingress of the planet upon the solar disk—a cir-

cumstance which science has mourned for a century past, and

will have reason to mourn for a century to come. When he

returned from church, he was overjoyed to see the planet upon

the face of the sun, but, after following it half an hour, the ap-

proach of sunset compelled him to suspend his observations.

During the interval between this and the next transit, which

occurred in 1761, exaoC astronomy made very rapid progress,

through the discovery of the law of gravitation and the ap-

plication of the telescope to celestial measurements. A great

additional interest was lent to the phenomenon by Halley's

discovery that observations of it made from distant points of

the earth could be used to determine the distance of the sun.

The principles by which the parallaxes, and therefore the

distances, of Venus and the sun are determined by Halley's

method are quite simple. In consequence of the parallax of

Venus, two observers at distant points of the earth's surface,

watching her course over the

solar disk, will see her describe

slightly different paths, as shown

in Fig. 50. It is by the distance

between these paths that the par-

allax has hitherto been deter-

mined.

The essential principle of Hal-

ley's method consists in the mode

f.o.5o.-Apparent paths of Venus across of determining the distance be-

the sun, as seen from different stations twceu thoSO apparent paths. All

during the transit of 1874. The upper . . f i.i,„ 4!^.,„„ ^:il oIiaw
path ia that seen from a southern sta- mspectlOU of the figure Will ShO\V

tion ! the lower is that seen from a
^\^q^ j^^q p^th farthest from the

northern station, but the distance be- f . . 4.u„^ +l,o

tween the paths Is exaggerated. sun's centre IS shorter than tiie

.d._
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Other, so that Venus will pass over the sun more quickly when
watched from a southern station than when watched from a
northern one. Ilalley therefore proposed that the different ob-
servers should, with a telescope and a chronometer, note the
time it took Venus to pass over the disk, and the difference be-
tween these times, as seen from different stations, would give
the means of determining the difference between the parallaxes
of Venus and the sun. The ratio between the distances of
the planet and the sun is known with great exactness by Kep-
ler's third law, from which, knowing the differences of paral-
laxes, the distance of each body can be determined.
By this plan of Ilalley the observer must note with great

exactness the times both of beginning and end ct the transit.
There are two phases which may be observed at the beginninc.
and two at the end, making four in all.

^

The fii-st is that when the planet iii-st touches the edge of
the solar disk, and begins to make a notch in it, as at a, FUr 50.
This is called Jirsi external contact.

^

The second is that when the planet has just entered entirely
upon the sun, as at b. This is called first internal contact.
The third contact is that in which the planet, after crossing

the sun, lirst reaches the edge of the disk, and begins to go
off, as at c. This is called second internal contact.
The fourth contact is that in which the planet finally disap-

pear from the face of the sun, as at d. This is called second
external contact.

Now, it was the opinion of Halley,and a very plausible one,
too, that the mternal contacts could be observed with far great-
er accuracy than the external ones. He founded this opinion
on his own experience in observing a transit of the planet Mer-
cury at St. Helena in 1677. It will be seen by inspecting Fig.
51, which represents the position of the planet just before first
internal contact, that as the planet moves forward on the solar
disk the sharp horns of light on each side of it approach each
other, and that the moment of internal contact is marked by
these horns meeting each other, and forming a thread of light
all the way across the dark space, as in Fig. 52. This thread

I
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of light is indeed simply the extreme edge of the sun's disk

CQinuig Into view behind the planet. In ohserviiijjf thu tran-

sit of Mercury, Ilalley felt

sure that he could iix the

moment at which the horns

met, and the edge of the

sun's disk appeared un-

broken, within a single sec-

ond ; and he hence con-

cluded that observers of

the transit of Venus could

observe the time required

Pio. 61.—Venus npproftchliiK iiiteniiil coiitnct 1)11 tor VcnUS tn paSS acrOSS

the fiico of Uie Bun. Tho plauet Is eapposod jJjq g^,j, ^vithia one Or tWO
to bo raovlug upwmd, , mi . • i i

seconds. 1 hese times would

differ in different parts of the earth by fifteen or twenty min-

utes, in consequence of parallax. Hence it followed, that \i

Ilalley's estimate of the de-

gree of accuracy attainable

were correct, the pamllax of

Venus and the sun would be

determined by the proposed

system of observations within

the six hundredth of its whole

amount.

When the long-expected 5th

of June, 1761, at length ap-

proached, which was a gener-

ation after Ilalley's death, ex-

peditions were sent to distant

parts of the world by the principal European nations to make

the required observations. The French sent out from among

their astronomers, Le Gentil to Pondicherry ; Pingre to Kod-

riguez Island, in the neighborhood of the Mauritius ; and the

Abbe Chappe to Tobolsk, in Siberia. The war with England,

unfortunately, prevented the first two from reaching their sta-

tions in time, but Chappe was successful. From England, Ma-

Fio. 52.—Iiiternnl contact of the limb of Ve-

ons with that of the sun.

^ts
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son-lio of tho celebrated Mason and Dixon's Lino-was sent
to huinatra; but ho, too, was stopped by tho war: Maskolyne,
the Astronomer Royal, was sent to St. Helena. Denmark
bweden,and Kussia also sent out o.xpeditions to various points
in P^urope and Asia.

With tlioso observers who were favored by line weather, the
entry of the dark body of Venus npon the limb of tho snn
was seen very well nntil the critieal moment of internal con-
tact approached. Then they were perplexed to find that the
planet, mstead of preserving its circnlar form, appeared to
assume the shape of a pear or a balloon, the elongated portion
l)enig connected with the limb of tho snn. We give two fi^^-
urcs, 52 and 53, the first showing how tho planet onght to ha^ r
looked, tho last how it really did look. Now, we can readily
see that tho observer, lookin^^-

at such an appearance as in
Fig. 53, wonld bo nnablo to

say whether internal contact
liad or had not taken place.

The round part of tho planet
is entirely within the snn, so
tliat if ho judged from this

alone, he wonld say that in-

ternal contact is passed. But
the horns are still separated
hy this dark elongation, or
"black drop," as it is general-
ly called, so that, jndging from this, inteiiial contact has not
taken place. The result was an uncertainty sometimes amonnt-
itig to nearly a minute in observations which were expected to
be correct within a single second.
When the parties returned home, and their observntions

were computed by varions astronomers, the resulting values
ot the solar parallax were fonnd to range from S".5, found bv
bhort of England, to 10".5, found by Pingre, of France, ^o
tiiat tliere was nearly as nuich nncertainty a3 ever in the value
ut the element sought. Nothing daunted, however, prepara-

Fio. 63.~The black drop, or ligament.

<»«/
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imm l

tions vet more extonsivo were made to observe the transit of

1769. Among the observers was one whobo patience and

whose fortune must excito our warmest sympathies. We havo

said that Le Gentil, sent out by the French Academy to ob-

serve the transit of IVol ii. the East Indies, was prevented

from reaching his station by the war with England. Findinf^^

the first port ho attempted to reach in the possession of the

English, his commander attempted to make another, and,

meeting with unfavorable winds, wk3 still at sea on the day of

the transit. He thereupon formed the resolution of remain-

ing, with his instruments, to observe the transit of 1769. lie

was enabled to support himself by some successful mercantile

adventures, and he also industriously devoted Iiimself to scien-

tific observadons and inquiries. The long-looked-for morning

of Juno 4th, 1769, found him thoroughly prepared to Tnake

the observations for which he had waited eight long years.

The sun shone out in a cloudless sky, as it had shone for a

number ot days previously. But just as it was time for the

transit to begin, a sudden storm arose, and the sky becamo

covered with clouds. When they cleared away the transit

was over. It was two weeks before the ill-fated astronomer

could hold the pen which was to tell his friends in Paris the

story of his disappointment.

In this transit the ingress of Venus on the limb of the sun

occurred just before the sun was setting in Western Europe,

which allowed numbers of obser .ations of the first two phases

to be made in England and France. The commencement was

also visible in this country—which was then these colonies

—

under very favorable circumstances, and it was well observed

by the few astronomers we then had. The leader among

these was the talented and enthusiastic Rittenhouse, who was

already well known for his industry as an observer. The ob-

servations were organized under the auspices of the American

Philosophical S<.ci^ty, then in the vigor of its youth, and par-

ties of observers were stationed at Horristown, Philadelphia,

and Cape Henlopen. These observation" have every appeal-

ance of being among the most accurate made on the transit;
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l>ut they I,avo not received the consMomtion to whieh thev a™entued, partly, we sup;,oae, bceause the altitude of U,e elwas too great to admit of their boi,,. of m.,eh value for tedeterm,nat.o„ of parallax, and parti? because they wet ,ttveo- accordant with the European observations.

black divp," already described, were noticed in this as inthe preceding transit. It is strongly indicative of H^o HFoparafon of the observe., that it seia toCI, he'"ail l.y surprisj except the few who had observed the nrecerT
."g transit. The cause of the appearance was fi^ p^.,tedo;.t by Ulande and is briefly this: when we look t „T!ltobject on a dark ground, it looks a little larger than it fa
y .s, ow,ng to the encroachment of the lighl upon I e darkl>«.'der. Tins encroachment, or irradiationrmav arLe from a

le lenses of the telescoijc when an instrument is nsed andhe soften„,g effect of the atmosphere when we look at a cecstial object near the horizon. To „nde,-stand is effect Zave only to nnagine a false edge painted in white amnmIrt!
or era of the bright object, the edge becoming alwr^ddarker where the bright object is reduced to a very Lmvme. Thus, by painting around the borders of the l t ,o

r „it' ThoT r '.'? "'1 ^'^"'^^ ''y '""^ observe,, rf

1 ;.
'"-' "'" ^"^'''''m and the steadier the at

a„c w,ll aeem to p,-escrvc its true form, as in Fig. 62 I,!th. observations of the recent transit of Venus with the i,„Foved ,„str„menta of the p,.esent time, very f v o tho ,,:,"
Cil.enonced observers noticed any distortion a. all.

Ilic results of the observations of 1789 wp,-o m„„i

;o: ;Xs!d^afte?rt^^^^^^^

satiJactoij i.anne,-. This was at lenrtl, done h- Frr'-- '

1 ;ip
,
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1824, for both transits, the result giving 8".5776 for the solar

parallax. Some suspicion, however, attached to some of the

observations, which he was not at that time able to remove.

In 1835, having examined the original records of the observa-

tions in question, he corrected his work, and found the follow-

ing separate results from the two transits

:

Piiinlliix from the obseivntions of 17G1 8". 53

Painllax from the observations of 1 709 8".r)'J

Most probable result from both transits 8".r)71

The probable error of the vesult M'as estimated at 0".037,

which, though larger than was expected, was much less than

the actual error has since proved to be. The corresponding

distance of the sun is 95,370,000 miles, a classic number

adopted by astronomers everywhere, and familiar to every

one who has read any work on astronomy.

This result of Encke was received without question for

more than thirty years. But in 1854 the celebrated Hansen,

completing his investigations of the motions of the moon,

found that her observed positions near her first and last quar-

ters could not be accounted for except by supposing the par-

allax of the sun increased, and therefore his distance dimin-

ished, by about a thirtieth of its entire amount. The exist-

ence of this error has since been amply confirmed in several

ways. The fact is, that although a century ago a transit of

Venus afforded the most accurate way of obtaining the dis-

tance of the sun, yet the great advances made during the

present generation in the art of observing, and the applica-

tion of scientific methods, have led to other means of greater

accuracy than these old observations. It is remarkable that

while nearly evei-y class of observations is now maae with

a precision which the astronomers of a century ago never

thought possible, yet this particular observation of the interior

contact of a planet with the limb of the sun has never been

mado with any thing like the accuracy which ITalley himself

thouo-ht he attained in his observation of the transit of Mer-

eury two centuries ago.

% ,
%
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TJie knowledge of tl.is error in the fundamental astronom-
ical nnit gave increased interest to the transit of Venus which
svas to occur on December 8th, 1874. The rarity of the phe-
nomenon was an advantage, in that it led to an amount of
public interest being taken in it which could not have been
excited by any other astronomical event, and thus secured
from various governments the grants necessary to fit out the
necessary parties of observation. Plans of observation began
to be worked out very far in advance. In 1857, Profe?sorAny sketched a general plan of operations for the observation
of the transits, and indicated the regions of the globe in which
he considered the observations should be made. In 1870 be
fore aiiy steps whatever were taken in this country, he had ad-
vanced so far in his preparations as to have his obseiTing huts

fio'!?^''?.
"' ^'^^*^"™^°^« "^ P^-oces8 of construction. In

1869, the Prussian Government appointed a commission, con-
sisting of SIX or eight of its most eminent astronomers, to de-
vise a plan of operations, and report it to the Government
with an estimate of the expenses. About the same time the
Russian Government began making extensive preparations

Siberil'"'''"'^
*'^"''^ ^'°'" ^ ^'"'^ """^^'' ^^ ^^^'"^''^ ^"

Active preparations for the observations in question werecommenced by the United States Government in 1871 An
account of the method of observation adopted bv the Com-
nnss.on to whom the matter was intrusted may not be devoidof interest. The observations of the older 'transits it in'
a led ,n giving results of the accuracy now required, it be'an necessary to improve upon the system then adopted.

oIT .T'
^'"''""" ^'P'"^'^ ^"^"-^^y «^ observationsof contacts, the uncertainty of which we have already shown.

ec .on that unless both contacts were observed at each sta-

uTM iJ' '. T"""'
'""'^ "°* ^^ determined, and no re-sul could be deduced. It was therefore proposed bv DeIS e ear y m the last century, that the observers should de-termine the longitudes of their stations, in order that, by
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!lf

means of it, they could find the actual intervals between the

moments' at which any given contact was seen at the different

stations. This method was an improvement on Halley s, ni

that it diminished the chances of total failure. Still, it de

pended entirely upon making an accurate observation of the

moment of contact, and was liable to fail from any accident

which might interfere with such an observation— a passing

cloud, or a disarrangement of some of the instruments of ob-

servation. Besides, it was not yet certain whether the obser-

vations could be made with the necessary accuracy. It was,

therefore, desirable that, instead of depending on contacts

alone, some method should be adopted of finding the position

of Venus on the face of the sun as often as possible during

the four hours which she should occupy in passing. The

easiest and most effective way of doing this seemed to be to

take photographs of the sun with Venus on his disk, which

photographs could be brought home, compared, and measured

at leisure.

This mode of astronomical measurement has been brouglit

to gi-eat perfection in this country by Mr. L. M. Kutherfuid

and others, and has been found to give results exceeding in

accuracy any yet attained by ordinary eye observations. The

advantages of the photographic method are so obvious that

there could be no hesitation about employing it, and, so far

as is known, it was applied by every European nation which

sent out parties of observation. But there is a great and

essential difference between the methods of photographing

adopted by the Americans and by most of the Europeans.

The latter seem to have devoted all their attention to tlie

problem of securing a good sharp photograph, taking it for

granted that when this photograph was measured there would

be no further difficulty. But the measurement at home is

necessarily made in inches and fractions, while the distance

we must know is to be found in minutes and seconds of an-

o-ular measure. If we have a map by measurements on which

we desire to know the exact distance of two places, we must

first know the exact scale on which the map is laid down.

1?
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It only reflects about a twentieth of the sun's light
;
but so in

tense are his rays that a pliotograpli can be taken in less than

the tenth of a second. The polishing of this mirror was the

most delicate and difficult operation in the construction of

the apparatus, as the slightest deviation from perfect flatness

would be fatal. For instance, if a straight edge laid upon the

glass should touch at the edges, but be the hundred- thou-

sandth of an inch above it at the centre, the reflector would

be useless. It might have seemed hopeless to seek for such a

degree of accuracy, had it not been for the confidence of the

Co'mmission in the mechanical genius of Alvan Clark & Sons,

to whom the manufacture of the apparatus was intrusted.

The mirrors were tested by observing objects through a tele-

scope, first directly, and then by reflection from the mirror.

If tliey were seen with equally good definition in the two

cases, it would show that there were no irregularities in the

surface of the mirror; while if it were either concave or con-

vex, the focus of the telescope would seem shortened or

lengthened. The first test was sustained perfectly, while the

'^A/^

3V' AHD A nUCTICN.

Fio. l54.-Methocl of photographing the transit of Venus nsed by the French and Ameri-

can observers, and by Lord Lindsay.
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tlToitZ^y °"'

r""?^ '"*™'^'' "^ "- ^'""'g- Of

a^^^c,
P'^'^S^P'"" telescope were ,„auy miles iu di-

Immediately i« front of tl,e mirror .is tl,e objecMass Thec..nes of .he lenses of which it is formed are si a™^d tlmtnot perfec ly aehrou.atic for the visual raj-s, butglvl "o

iioin tlio glass is the focus, where an image of the sun aboutfour aud a quarter inches i„ diameter is fonuod lie.e aothcriron p,er is fir,„ly embedded in the ground for '^8^
l>ort of the photographic plate-holder. This con is of

"^
brass frame seven inches square on the inside, re™ i ! o, a

piu. Into this fmme is cemented a square of plate-^lass iustas a pr .le of glass is puttied in a window- Tl^ ! ? ^'i"'
into small squads ^ very fine^^^o.^:^':^ '

p. tooted by Mr. W. A. Rogers, of the Cambridge ObservatorvTie sensitive plate goes into the other side of .L f
'^'

4t'';tZatdfi'''^ r^-'r-
'"""-""' f-o >-t-

o"o:si.:i/:;ti^ht iitt't," '^
':,"'''^'" "^"'•'«

die ve,,i::u2d™ r Ar^Ht'i'^-
%™"^ ""'; '"° "'"^•

e^el,and in the mend.an of the transit instrument with
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which the time is determined. The central ruled line on the

plate-holder is thus used as a meridian mark for the transit.

The great advantage of tliis arrangement is, that it permits

the angle which the line joining the centres of the sun and

Venus^nakes with the meridian to be determined with the

greatest precidon by means of the image of the plumb-line

which is photographed across the picture of the sun.

If this method of photographing were applicable only to

transits of Venus, it would now have little interest for the

general reader, because such a transit will not again occur

imtil the year 2004; but the instrument can be applied in

any case where a photograph of the sun is required. It can-

not be readily applied to the moon or stare, because a longer

exposure is then necessary, and there would be a rotation of

the image around the centre of the plate which would inter-

fere with its accuracy. The instrument will no doubt be of

use in accurately photographing eclipses of the sun.

The work of reducing the observations of a transit of Venus,

with all the precision required by modern astronomy, is one

involving an immense mass of calculations and much tedious

investigation. Before the final result can be attained, it is

necessary that all the observations made imder the auspices of

the several governments which took part in the work shall be

reduced and published, and, after this is done, that some one

shall combine them all, so as to obtain the most probable re-

sult. Partial results, founded iipon a portion of the observa-

tions, may, indeed, be deduced without waiting for all the

material; but the majority of the leading astronomers con-

ceive that thesa results will not have any scientific interest;

and at a meeting of the International Astronomical Society

(the Astronomische Gesellschaft), held at Leyden, it was voted

that their publication should be discouraged as injurious to

science. This view has not, however, been univei-sally ac-

cepted, and three values of the solar parallax from the obser-

vations of the transit of 1874 have already appeared, one from

the French and. two from the English observations. The

French observations here referred to were those made at two
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m 187o by M Puiseux, a member of the French Academy of
bciences, and led to S"M as tlie vahie of the solar parallax.T e Lntish observations of contacts were worked up underhe direction of Sir George Airy, in 1877, and were found tocad to a surprisingly small result, 8-76. But Mr. E. J. Stone

n^vL .r'^
'''"''.^''''^*^^'^'' ""^' ^y t^'^^ti^g ^'^d inter-

pict ng them m a different way, obtained the i^suit 8".88.

of ir\ '. 'P"*"'""^^^ ^^'"^ superintciuled the reduction
of the observations, was led by this discordance to make a third
combination He found 8^857 from the observations of in
|ress, and 8".792 from those of egress. The most probablehnal result was 8".813. That results so different could be

tuined from the same observations must cast doubt upon
Uieir value, and raise questions which can be decided only byhe combination of the British observations with those inade
Dj^other leading governments.
The observations of the transit of 1882 were, in generalmuch better than those of the preceding one. On'e reatn fSn Mas that the experience of the first transit was available

n he observations of the second, so that observers knew betterwhu they were to look for. Another reason was that theweather was more favorable at all the important stations. In

lL.rf ^t^.^^^'^
''"' ^* *^^^ "'Sli<^ American stations wasn fered with more or less by clouds, and the atmospheric

conditions were especially bad for photographing. In 1882
t^ie weather was everything that could be desired at the sev-

! t T,'"'4'"i
'^'' observations were not entirely lost in any

nhot'ooJ ,

^"1^"*^^^"^ i« that, while only some tvvo hundred
photo^^ aphs of the transit of 1874 admitted of measurement,
moie^^ian a thousand measurable photographs were obtained

Notwithstanding the successful observations of the last tran-
t wdl probably be found that the uncertainty of the results

8 t II considerable, and that this method is not the most ac-cm
a

one for obtaining the solar parallax. We have already
•^^-cubed an uncertainty in the observations of thn oMer tron

14
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Bit, arising from tho so-called black drop. In the recent one.i

it 'was foimd that this disturbing cause could bo avoided bv

careful attention to the quality of the image formed in the

telescope, and by choosing stations where tho sun would not be

too near the horizon. But even when every possible precaution

was taken, and when all tho conditions were most favorable, it

was not found possible to make observations in different parts

of the world which should perfectly correspond to each other.

Where the atmosphere was very clear, the illumhiated limb of

Venus off the sun's disk was seen before first internal contact,

and sometimes produced doubt in the mind of the observer as

to the exact time. The attention of astronomei-s has therefore

been called to other methods of determining the sun's distance,

some of which are believed to be more accurate than transits

of Venus.

§ 4. Other Methods of determining the Sun's Distance, and their

Residts.

The methods of determining the astronomical unit which

we have described rest entirely upon measures of parallax, an

angle which hardly ever exceeds 20", and which it is there-

fore exceedingly difficult to measure with the necessary ac-

curacy.. If there were no other way than this of determining

the sun's distance, we might despair of being sure of it with-

in 200,000 miles. But the refined investigations of modern

science have brought to light other methods, by at least two

of which we mayliope, ultimately, to attain a greater degree

of accuracy than we can by measuring parallaxes. Of these

two, one depends on the gravitating force of the sun upon the

moon, and the other upon the velocity of light.

Parallactic Equation of the J/oon.—The motion of the moon

around the earth is largely affected by the gravitating force

of the sun, or, to speak more exactly, by the difference of the

gravitating force of the sun upon the moon and upon the

earth. A part of this difference depends upon the proportion

between the respective distances of the moon and the sun, so

that when this force is known, the propo7tion can be deter-
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mined. The distmico of the nmon being l<no,vn will, all noc
cssary ,„c..,„o„, wo Imvo only to multiply it by tho proportion
tl...9 obtamuU to get the di8tanco of tho mm. TI e force i

.l,.™t,on shows Itself by prod„cin« a certain iner,n„lity in tl cn.oons „,ot,on,by which she fulls two minntes behind hermean place near tho ti,.t quarter, and is two n.inules ahead
near her l„,t quarter. In detenu ,g this inequality, we have
10 naasure an angle about si.v times as great as the average
of to planetary parallaxes on which tho sun's distance de-
F"< 8

;
ao that, .f we could n.oasuro both angles with the same

prcc,s,on, tho orror, by using the „,oon, would be only one
S..X h ,« great as ,n direct measures of paralla.x. lint it seems
as .f nature had determined to allow mankind no roiZZ

a knowledge of the sun's distance. It is tho position of&o „,„on s centre which we require for the pu,i,oso in ques-
ou, and tins can never bo directly fixed. We have to makeonr observatjons on the lin.b or edge of the moon,a8 niu'mn,a ed by the sun, and must reduee"our observations! lomoon's cen re, before we can nso them. The worst of I ematter .s, that ono limb is observed at tho first qnart.^- and.nother a the third quarter, so that we cannot tell wi 1 ib outo certau,ty how nmch of the observed inequality real«nd how much is duo to tho change from ono limb to the o I orSogrcat IS the uncertainty hero that, p,.ovious to 1854 it ,™

..loosed that the inequality in question was „l.„„f' 23"

ous val of tho solar parallax. Hansen then found that it

ll;at the parallax of the sun must bo increased, and his distance
<i..mn,shed, by one-thirtieth of the whole amount

sena«o,?Tw!in ^""'*^, '"'°'*"s '"'p™™'' "«'^«^ "f*

mi t ir . "" """/ '"'™ "'^"^^ ^^^ "'''™ '0 deter,mine the exact amount of the inequality from observations

I'ed on, but the decimal is quite uncertain. We ca,i only s^y

j^sitfi)'.^'<^'
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that we are pretty surely within three or four tenths of a sec-

ond of the truth. From this value the parallax of the sun ia

found to be 8".83, with an uncertainty of two or three hun-

dredths of a second.

Sun's Distance from the Velocity of Light— There is an ex-

traordinary beauty in this method of measuring the sun's dis-

tance, arising from the contrast between the simplicity of the

principle and the profoundness of the methods by which alone

the principle can be applied. Suppose we had a messenger

whom we could send to and fro between the sun and the

earth, and who could tell, on his return, exactly how long it

took him to perform his journey; suppose, also, we knew the

exact rate of speed at which he travelled. Then, if we mul

tiply his speed by the time it took him to go to the sun, wo

shall at once have the sun's distance, just as we could deter

mine the distance of two cities when we knew that a train

running thirty miles an hour required seven hours to pass be-

tween them. Such a messenger is light. It has been found

practicable to determine, experimentally, about how fast light

travels, and to find from astronomical phenomena how long

it takes to come from the sun to the earth. How these de-

terminations are made will be shown in the next chapter;

here we shall stop only to give results.

In 1862 Foucault found by experiment that light travelled

about 298,000 kilometres, or 185,200 miles per second.

In 1874 Cornu found by a different series of experiments

a velocity of 300,400 kilometres per second.

In 1879 Ensign A. A. Michelson, U. S. Navy, found the ve-

locity to be 299,940 kilometres per second.

This result of Michelson's is far more reliable than either

of the preceding ones. Combining them all. Professor D. P.

Todd, in 1880, concluded the most probable value of the ve-

locity to be 299,920 kilometres, or 186,360 miles per second.

Now, we know from the phenomena of aberration, hereafter

to be described, that light passes from the sun to the earth in

about 498 seconds. The product of these two numbers gives

the distance of the sun in miles. Making all necessary cor-
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Ihese two methods of deterrainin- the distan^.p nf fi

gonious of these was Jt« CWrie" i!T ""

from the tlieory of gravitation til ,!,„ .. ' ' " ''"°"'°

parallax to be 8' 95 But Sr Sto!" *%T""'' '"" ^"'"^

was found hv if« ^;cf„ i
• ^ "*:."°^®- -^^e mass of the earth
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concluded that this method gave the value of the solar paral-

lax as 8".86. But one of his numbers requires a small correc-

tion, which reduces it to 8".83. Another determination of the

mass of the earth relative to that of the sun has recently been

made by Yon Asten, of Pulkowa, from the action of the eartli

upon Encke's comet. The solar parallax thence resulting is

9".009, the largest recent ^ ulue ; but the anomalies in the ap-

parent motions of this comet are such that very little reliance

can be placed upon this result.

Yet another method of determining the sclar parallax has

been proposed and partially carried out by Dr. Galle.* It

consists in measuring the parallax of some of the small plan-

ets between Mars and Jupiter at the times of their nearest

approach to the earth, by observations in the northern and

southern hemispheres. The least distance of the nearest of

these bodies from us is little less than that of the sun, so that

in this respect they are far less favorable than Venus and

Mars. But they have the great advantage of being seen in

the telescope only as points of light, like stars, and, in conse-

quence, of having their position relative to the surrounding

stars determined with greater precision than can be obtained

in the case of disks like those of Venus and Mars. Observa-

tions of Flora were made in this way at a number of observa-

tories in both hemispheres during the opposition of 1874, from

which Dr. Galle has deduced 8".8T5 as the value of the solar

parallax.

Most ProhaUe Value of the Sun's Parallax.—It will be

seen that, although many of the preceding results are dis-

cordant, those which are most reliable generally fall between

the limits 8".7Q and 8".85. Taking them all into considera-

tion, there can be no reasonable doubt that the parallax lies

between the limits 8".78 and 8".82. We may therefore say

that the most probable value of the sun's parallax is 8''.80,

but this result is still subject to an uncertainty of two-liun-

* Dr. J. G. Gnlle, now director of the observatory at Breslau, Eastern Prussia.

He AVfts formerly assistant at the Observatory of Berlin, where he became cele-

brated .IS the opiical diseoverei- of the planet Neptiine.
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dredths of a second, or we might say an uncertainty of .^
of Its whole amount. Translated into distance, we may pilcl
the distance of the sun between the limits 92,500 000 and
93,000,000 of miles. We may, therefore, call the distance of
the sun 92| millions of miles, with the uncertainty, perhaps
of nearly one quarter of a million. Within the next ten years
^ye may hope to see the result fixed with greater certainty but
this IS as near as we can approach it in the present state of
astronomy.

In many recent works the distance in question will be found
stated at 91,000,000 and some fraction. This arises from the
circumstance that into several of the first determinations by
the new methods small errors and imperfections crept wliich
by a singular coincidence, all tended to make the parallax too
great, and therefore the distance too small. For instance
Hansen's original computions from the motion of the moon'
led him to a parallax of 8^.96. This result has been proved
to be too large from various eauses.
The observations of Mars, in 1862, as reduced by Winnecke

and btone, first led to a parallax of 8".92 to 8" 94 But in
these investigations only a small portion of the obst/vations
was used. When the great mass remaining was joined with
them, the result was 8".85.

The early determinations of the time required for light tocome from the sun were founded on the extremely uncertain
observations of eclipses of Jupiter's satellites, and were five to
BIX seconds too small. The time, 493 seconds, being used insome computations instead of 498 seconds, the distance of the
sun from the velocity of light was made too small.
In both of Leverrier's methods some small errors of computa-

tion have been found, the effect of all of which is to make his
parallax too great Correcting these, and making no change inany ot his data, the results are respectively 8".85 and 8".83.

§ 5. Stellar Parallax.

It is probable that no one thing tended more stron<^ly to
impress the minds of thoughtful men in former times with
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the belief that the earth was immovable than did the absence

of stellar pamllax. We may call to mind that the annual par-

allax of the fixed stars arises from the change in their direc-

tion produced by the motion of the earth from one side of

its orbit to the other. One of the earliest forms in which wo

may suppose this parallax to have been looked for is shown

in Fig. 56. Suppose AB to be the earth's orbit with the sun,

^ ~

Fio. 56.—Effect of stellar parallax.
'-^U

S, near its centre, and ET two stars so situated as to be direct-

ly opposite each other when the earth is at A ; that is, when

the direction of each star is 90° distant from that of the sun.

Then it is clear that, after six months, when the earth is at B,

the stars will no longer be opposite each other, the point U,

which is opposite B, making the angle TBU, with the direc-

tion of T. The stars will all be displaced in the same direc-

tion that the sun is in from the earth. When it was found

that the most careful observations showed no such displace-

ment, the conclusion that the earth did not move seemed in-

evitable. We have seen how Tycho was led in this way to

reject the doctrine of the earth's motion, and favor a system

in which the sun moved around it. In this Tycho was fol-

lowed by the ecclesiastical astronomers who lived during the

seventeenth century, and who, finding no parallax whatever to

any of the stars, were led to reject the Copernican system.

The telescope furnishing so powerful an auxiliary in meas-

uring small angles, it was natural that the defenders of the

Copernican system should be anxious to employ it in detect-

ing the annual parallax of the stars. But the earlier observ-

ers had very imperfect notions of the mechanical appliances

necessary to do this with success, and, in consequence, the in-

vention of the telescope did not result in any immediate ini-
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provement in the methods of celestial measurement. A step
was taken in 1669 by Hooke, of England, who was among the
first to see how the telescope was to be applied in the meas-
urement of the apparent distances of the stars from the ze-
nith.

^

He fixed a telescope thirty-six feet long in his house, in
a vertical position, the object-glass being in an opening in the
roof, while the eye-piece was in one of the lower rooms. A
fine plumb-line hung down from the object-glass to a point
below the eye -piece, which gave a truly vertical line from
which to measure. The star selected for observation was y
Draconis, because it was comparatively bright, and passed over
the zenith of London. His mode of observation was to meas-
ure the distance of the image of the star from the plumb-line
from day to day at the moment of its passing the meridian.
He had made but four observations when his object-glass was
accidentally broken, and the attempt ended without leading
to any result whatever.

Between 1701 and 1704, Roemer, then of Copenhagen, at-
tempted to determine the sum of the double parallaxes of
Sirius and o Lyrse by the principle shown in Fig. 58. These
stars lie somewhere near the opposite quarters of the celestial
sphere, and the angle between them will vary from spring to
autumn by nearly double the sum of their parallaxes. The
angle was measured by the transit instrument and the astro-
nomical clock, by noting the time which elapsed between the
transit of Sirius over the meridian, and that of a Lyrae. This
time was found to be, on the average,

Hre. Min. Sm.
In February, Marcli, and AprU n 54 59.7
In September and October n 54 55.4

Difference ^
Here was a difference of four seconds of time, or a minute of
angle, which was then very naturally attributed to the motion
of the earth, and which was afterwards printed in a disserta-
tion entitled " Copernicus Triumphans." It is now known that
thei^ is no such parallax as- this to either of these stars, and

^^•l

^\.

W\
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Peters* has shown that the dilTerence which was attributed

to parallax by the enthusiastic Danish astronomers really arose,

in great part, from the diurnal irregularity in the rate of their

clock, caused by the action of tho diurnal change of tempera-

ture upon the uncompensated pendulums. In the spring the

interval of time measured elapsef* during the night, Sirius

passing the meridian in the evening, and a Lyrse in the morn-

ing. The cold of night made the clocks go too fast, and so

the measured interval came out too great. In the autumn

Sirius passed in the morning, and a Lyra3 in the evening ; the

clock was going too slow on account of the heat of the day,

and the interval came out too small.

Among the numerous other vain efforts made by the astron-

omers of the last century to detect the stellar parallax, that of

Bradley is worthy of note, owing to the remarkable discovery

of the aberration of light to which it led. The principle of

his instrument was the same as that of Hooke, the zenith dis-

tance of the star y Draconis at the moment of its passing the

meridian being determined by the inclination of a telescope to

a fine plumb-line. The instrument thus used, which has be-

come so celebrated in the history of astronomy, has since been

known as Bradley's zenith sector. In accuracy it was a long-

step in advance of any which preceded it, so that by its means

Bradley was able to announce with certainty that the star in

question had no parallax approaching a single second. Bnt

he found another annual oscillation of a very remarkable

character, arising from the progressive motion of light, which

will be described in the next chapter. It has frequently hap-

pened in the history of science that an investigation of some

cause has led to discoveries in a different direction of an en-

tirely unexpected character.

It would be tedious to describe in detail all the efforts

made by astronomers, during the last century and the early

part of the present one, to detect the stellar parallax. It will

* C. A. F. Peters, then of the riilkowu Observntoiy, the late editor of the .-Is-

tronomische Nuchrichten.
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be sufficient to say, in a general way, that they depended onabsolute „,easures
;

that is, the astronomer endeavLd genoial y by a divided circle, to determine from day to daV the.em h dis ance at which the star passed tlie meddiam m'position of Uie zenith was determined in various ways-som
times by a fine plumb-line, sometimes by the leve/of quIs.lver. What IS required is the angle belween the plumb lineand he line of sight from the observer to the star. T e sameresu t can be obtained by observing the angle between a 1coming directly from a star and the ray which, oX iZthe star, strikes the surface of a basin of quicksi ver, and i ^fleeted upwards. Whatever method is us'ed, a large angl hasto be rneasured, an operation whicli is alwa-, affectedly mi

unfv" r""^^
'' *'' ^"^"""" ^^ varying temperatur adnf\'T" 'T '^'' ^"^*^"'^^-t- The general result

fall the efforts made in this way was that whHe several ohe brighter stars seemed to some astronomers to liave paral-
laxes, sometimes amounting to two or llirce seconds, thou<.h
generally not much exceeding a second, yet there was no suchagreement between the various results as was necessary toTn

J

ue confidence. As a matter of fact, we now know that

but to the unavoidable errors of the instruments used
btruve was the first one to prove conclusively that the par-

intely elude every mode of measurement before adopted. Inpnnciple his method was that employed by Eoemer; the sumot the parallaxes of stars twelve hours distant in right ascen-
sion being determined by the annual change in the intervals
e ween their times of transit over the meridian. But hemde the great improvement of selecting stars which couldoe observed as they passed the meridian below the pole, as
til as above It, so that a short time before or after observing
le transit of a star he could turn his transit instrument be
oiv the pole, and observe the transit of the opposite star from
est to east. Thus he was not under the necessity of depend-

"'g oil the rate of his clock for more than an honv or two

1^

-f'u.
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while Roetncr had to depend on it for twelve horn's. The re-

Bult of Stnivo was that the average parallax of the twenty-

five brightest stars within 45° of the polo could not much, if

at all, exceed a single tenth of a second.

Such was the general state of things up to the year 1835.

It was then decided by Struvo and Bcssel, in Hen of attempt-

ing to determine zenith distances, to adopt the method of

relative parallaxes. The idea of this method really dates al-

most from the invention of the telescope. It was considered

by Galileo and Iluyghens that where a bright and a faint

star were seen side by side in the field of view of a telescope,

the latter was probably vastly more distant than the former,

and that consequently they v^onld change their relative po-

sition as the earth moved from one side of the sun to the otli-

If, for instance, one star was three times the distance ofer

the other, its apparent motion produced by parallax would be

only a third that of the other, and there would remain a rel-

ative parallax equal to two-thirds that of the brighter star,

which could bo detected by measuring the angular distance

of the two stars as seen in the telescope from day to day

throughout the year. The drawback to which this method is

subject is the impossibility of determining how many times

farther the one star is than the other ; in fact, it may be that

the smaller star is really no farther than the large one. No

doubt it was this consideration which deterred the astrono-

mers of the last century from trying this very simple method.

The astronomers of the last generation found cases in

which there could be little doubt that a star was much near-

er to us than the small stars which surrounded it in the iiold

of the telescope. For instance, the star 61 Cygni, or rather

the pair of stars thus designated, are found not to occupy a

fixed position in the celestial sphere, like the surrounding

small stars, but to be moving forward in a straight line at the

rate of six seconds per year. This amount of proper motion

was so unusual as to make it probable that the star must be

one of the nearest to us, although it was only of the sixth mag-

nitude. It was therefore selected by Bessel for the invest!-
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f?" ? »;« P^'-allax relative to two other stai-s in its ncidi-
iHH-hood. Iho instnnnent used was the hclioiiieter, an 1n-
Btnnncnt wliich, as now made, admits of great precision, but*
winch was then liable to small uncertainties from vaHous
causes ILs early attempts to detect a parallax failed as
con.plelJy as had those of former observers. Ho recom-
n.cMcea tliem in August, 1837, his first series of measures be-
ing continued until October, 1838. The result of thi. series
was the detection of a parallax of about three-tenths of a sec-
ond (0".3136). He then took down his instrument, made some
unprovements in it, and commenced a second series, which he
continued until July, 1839; and his assistant, Schlutcr, until
Marc ,1840. The final value of the paral4x deduced by
licssel from all these observations was 0".35. The reality of
tins parallax has been well established by subsequent investi-
gators, only It has been found to be a little larger. From a
combination of all the results, Anwers, of Berlin, finds the
most probable parallax to be 0".51.
The star selected by Struve for the measure of relative par-

allax was the bright one a Lyra3. This has not only a sensible
pi'oper motion, but is of the first magnitude; so that there is
every ren..n to believe it to be among those which are nearest
to us. liie comparison was made with a single very small
"^"r m the neighborhood, the instrument used being the nine-

je of the Dorpat Observatory. The observations
extu, -,m ]S ovember, 1835, to August, 1838. The result
)\as a ,o parallax of a quarter of a second. Subsequent
mvestigations have reduced this parallax to two-tenths of a
second, so that although a Lyrae is nearly a hundred times as
bright as either of the pair of stars 61 Cygni, it is more than
twice as far from us.

Before the publication of these works of Struve and BesseV
It was found by Henderson, the English astronomer at the
tape of Good Hope, that the star « Centauri had a parallax
ot about one second. Tliis result has been confirmed by re-
cent measures, except that the parallax is found to be only
three-fourths of a second; and it is now well established that

(
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a Centauri is, so fur as can bo learned, the nearest of all tlio

.fixed stars. Being in 60° south declination, this star is not

visible in our latitudes.

In 1842-43 most elaborate observations of a nutnber of

Btars, with the view of detecting their parallax, were made

at the Pulkowa observatory by Dr. C. A. F. Peters. All the

parallaxes ho detected were small and doubtful. IIo meas-

ured the absolute declination of each star from time to time,

instead of its distance from some small star pear it, a method

which has not since been applied, owing to its uncertainty.

The next attempt to determine the parallaxes of a number

of stars on a uniform plan was commenced by Dr. Briinnow,

at Dublin,* and continued by his successor, Sir Ilobert S. Ball,

Neither of them has found any stars with a large parallax.

The most recent and elaborate determinations of stellar

parallax have been made at the Cape of Good Hope by Dr.

David Gill, her Majesty's astronomer at that place, and Dr.

W. L. Elkin, now of the Yale College observatory. Their in-

strument was a heliometer,t constructed by the Eepsolds for

Lord Lindsay's expedition to observe the transit of Venus in

1874.

The recent determinations of stellar parallax by Professor

A. Ilall should also be mentioned. They were made with the

great Washington telescope. Among their results is that the

parallax of Aldebaran, which was supposed to be among the

largest, is too small for accurate measurement.

The general result of all the measures of stellar parallax

yet made may be very briefly summed up. The distances to

be given so transcend all our ordinary ideas that we must take

as a unit of measure the distance which light would travel in

one year, which is about 237,000,000 tiines the circumference

of the earth.

Dr. Bitlnnow was formerly director of the observatory of Ann Aibor,

Michigan,

f See the glossary in the Appendix for a definition of this instrument.
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TIio nearest star, a Cenfanrl, has a parallax of 0".r5 and
a distance of four and a half light-units.

Two other stars, Gl Cjgni and Lalando 21185, have a par-
allax of about Imlf a second and a distance of seven licrht-
units.

°

About tvyelve stars have parallaxes ranging from 0".i to
0".3, and distances ranging from ten to thirty light-units.

^

Most of the other stars, even the majority of those of the
first and second magnitudes, are so distant that no parallax
has yet been detected.

Tiie absence of measurable parallax in some of the bright-
est of the stars, and its i)iesence in some very small ones, is
one of .8 remarkable features of the stany univei-se. For
example, Canopus, a star visible in more southern latitudes
than ours, is the second brightest star in the heavens. Drs
Gill and Elkin found a parallax of only 0".03, which would
give a distance of more than one hundred light-units. The
brilliancy of stars varying as the inverse square of their dis-
tances, it follows that if Canopus were brought as near us as
61 Cygni is, its brightness would be increased some two. hun-
dred times, which would make it one hundred times as bn'crht
as Sirius, and ten thousand times as bright as 61 Cygni.

"^

In measurements of the annual parallax of the fTxed stars
It sometimes happens tdiat the astronomer finds his observa-
tions to give a negative parallax. To understand what this
means, we remark that a determination of the distance of a
star is made by determining its directions, as seen from oppo-
site points of the earth's orbit. If we draw a line from each
ot those pomt8.iri the observed direction of the star, the point
Hi which the lines meet marks the position of the star A
negative parallax shows that the two lines, instead of converg-
ing to a point, actually diverge, so that there is no possible
position of the star to correspond to the observations. Such a
paradoxical result can arise only from errors of observations.

15
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THE MOTION OF UGUT,

Intimately connected with celestial measurements are the

curious phenomena growing out of the progressive move-

ment of light. It is now known that when we look at a star

we do not see the star that now is, but the star that was sev-

eral years ago. Though the star should suddenly be blotted

out of existence, we should still see it shining for a number

of years before it would vanish from our sight. We should

see an event that was long past, perhaps one that was past

before we were born. This non-coincidence of the time of

perception with that of occurrence is owing to the fact that

light requires time to travel. Wo can see an object only by

light which emanates from it and reaches our eye, and thus

our sight is behind time by the interval required for the light

to travel over the space which separates us from the object.

It was by observations of the satellites of Jupiter that it

was first found that celestial phenomena were thus seen be-

hind time. These bodies revolve round Jupiter much more

rapidly than our moon does around the earth, the inner satel-

lite making a complete revolution in eighteen hours. Owiii;,'

to the great magnitude of Jupiter and his shadow, this satel-

lite, as also the two next outside of it, are eclipsed at every rev-

olution. Tlie accuracy with which the times of disappearance

in the shadow could be observed, and the consequent value of

such observations for the determination of longitudes, led the

astronomers of the seventeenth century to make tables of the

times of occurrence of these eclipses. In attempting to im-

prove the tables of his predecessors, it was found by Eoemer

(then of Paris, though a Dane by birth) that the times of the
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ecl.pscs could not bo represented by an equable motion of
the aatell.tes. lie could easily represent {he times of the
cchpses when Jnp.ter was in opposition to the sun, and there-
fore the earth nearest to Jupiter. But then, as the earth re-
ceded from Jupiter in its aru.ual course round the sun, the
eclipses were constantly seen later, until, when it was at its
greatest distance from Jupiter, the tiu>es appeared to be 23
"Muutes late Such an inequality, Roemer coneh.dcd, could
not be real; he therefore attributed it to the fact that it n.ust

hat Ins tune ,s greater the more distant the earth is from
the planet. lie therefore concluded that it took lIHit *>2
muuites to cross the orbit of the earth, and, conseque.rtly, Ummutes to come from the sun to the earth
The next great step in the theory of the progressive motion

f
1
ght ^^as made by the celebrated Bradley, afterwards As-

ono ner Eoyal of England, to whose observations at Kew on
tlic star y Draconis with Jiis zenith sector, in order to deter-nune the parallax of the star, allusion has already been made.
rhe effect of parallax would have been to make the declina-

n 1 rf'V" T ^"^ ^'^'* ^"^ ^^^^^^^^"^ while in March
and September the star would occupy an intermediate orn^an position. But the actual result of the measures was

Id L !T".''
'"^

'"l"^^'"^
phenomena which Bradley

could not at first account for. The declinations of June andDecember were the same, showing no effect of parallax. But
".stead of remaining the same the rest of the year, the dec

-'

nation was some forty seconds greater in September than inMarch, when the effect of parallax should be the same. Thus,
tl.e star had a regular annual oscillation ; but instead of its

Z71 •"'•;'" ^"
'f ^:''^' '''^''' '^^'"^ Wosite to that of

1
e earth m its annual orbit, as required by the laws of rela-te e motion, It was constantly at riglit angles to it.
After long consideration, Bradley saw the cause of the

1 nomenon in the progressive motion of light combined
^^lth the motion of the earth in its orbit. In Fio- 57 let Sbe a star, and OT a telescope pointed at it. T^n if the
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ft\

telescope is not in motion, the ray SOT emanating from the

star, and entering the centre of the object-glass,

will pass down near the right-hand edge of the eye-

piece, and the star will appear in the right of the

field of view. But, instead of being at rest, all our

telescopes are carried along with the earth in its

orbit round the sun at the rate of nearly nineteen

miles a second. Suppose this motion to be in the

direction of the arrow; then, while the ray is pass-

ing down the telescope, the latter moves a short dis-

tance, so that the ray no longer strikes the right-

hand edge of the eye-piece, but some point farther

to the left, as if the star were in the direction S\

and the ray followed the course of the dotted line.

In order to see the star centrally, the eye end of the

telescope must be dropped a little behind, so that,

F.G. ^5T. - instead of pointing in the direction S, it will really

Aberration be pointing in the direction ;S", shown by the dotted

°^ "='''
ray. This will then represent the apparent direc-

tion of the star, which will seem displaced in the direction in

which the earth is moving.

The plienomenon is quite similar to that presented by the

apparent direction of the wind on board a steamship in mo-

tion. If the wind is really at right angles to the course of the

ship, it will appear more nearly ahead to those on board
;
and

if two ships are passing each other, they will appear to have

the wind in different directions. Indeed, it is said to have

been through noticing this very result of motion on board a

boat on the Thames, that the cause of the phenomenon he

had observed was suggested to Bradley.

The displacement of the stars which we have explained is

called the Aberration of Light Its amount depends on the ra-

tio of the velocity of the earth in its orbit to the velocity of

light. It can be determined by observing the declination of

a star at the proper seasons during a number of years, I)}'

which the annual displacement will be shown. The value

now most generally received is that determined by Struvc at
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tlie Pulkowa Observatory, and is 20".445. Tlioii-h this is the
most reliable value yet found, the two last figures are both
uncertain We can say little more than that the constant
probably lies between 20-43 and 20".48, and that, if outeide
these limits at all, it is certainly very little outside.

This amount of aberration of each star shows that light
travels 10,089 times as fast as the earth in its orbit. From
tins we can determine the time light takes to travel from the
sun to the earth entirely independent of the satellites of Ju~
piter. The earth makes the circuit of its orbit in 365J days
lien light would make this same circuit in \%^ of a dav
which we find to be 52 minutes Si seconds. The diameter
of the earth's orbit is found by dividing its circumference by
d 1416, and the mean distance of the sun is half this diameter
We thus find from the above amount of aberration that lio-ht
passes from the sun to the earth in 8 minutes 18 seconds

"^

The question now arises, Does the same result follow from
the observations of the satellites of Jupiter? If it does we
have a striking confirmation of the astronomical tlieory of the
propagation of light. If it does not, we have a disc/epancy
he cause of which must be investigated. AYe have said tliaJ
he first investigator of the subject found the time required
be 11 minutes. This determination was, however, uncertain

by several minutes, owing to the very iruperfect character
ot the early observations on which Eoemer had to dei^end
i^aily in the present century, Delambre made a complete in-
vest.gation from all the eclipses of the satellites which had
been observed between 1662 and 1802, more than a thousand
!>' nmnber. His result was 8 minutes 13.2 seconds.

Ihere is a discrepancy of five seconds between this result
or Uelambre, obtained some seventy years ago, and the mod-
ern determinations of the aberrations of the fixed stars made
by btruve and others. What is its cause ? Probably only the
en-ors of the observations used by Delambre. In this 'case,
tl'ere would be no real difference. But some physicists and
astronomers have endeavored to show that fliere is a real
cause tor such a difference, which they hold to indicate an er-
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ror ill the value of the aberration derived from observation

arising in this way. It is known from experiment that light

passes through glass or any other refracting medium more

blowly than through a void. In observations with a telescope

the light has to pass through the objective, and the time lost

in doing so will make the aberration appear larger than it

really is, and the velocity of light will appear too small. But

the commonly received theory (that of Fresnel) is that this

loss of time is compensated by the objective partially drawing

the ray with it. Desirous of setting the question at rest, Pro-

fessor Airy, a few years ago, constructed a telescope, which

he filled with water, Avith which he observed the constant of

aberration. The aberration was found to be the same as with

ordinary telescopes, thus proving the theory of Fresnel to be

correct, because on the other theory the aberration ought to

have been much increased by the water.

Hence this explanation of the difference of the two results

fails, and renders it more probable that there is some error in

Delambre's result. A reinvestigation of all the observations

of Jupiter's satellites is very desirable ; but so vast is the labor

that no one since Delambre has undertaken it. Mr. Glasenapp.

a young Eussian astronomer, has, however, recently investi-

gated all the observations of Jupiter's first satellite made dur-

ing the years 1848-1873, and found from these that the time

required for light to pass from the sun to the earth is 8 min-

utes 20 seconds. Instead of being smaller than Struve's re-

sult, this is two seconds larger, and seven seconds larger than

that of Delambre. It is therefore concluded that the differ-

ence between the results of the two methods arises entirely

from the errors of the observations used by Delambre, and

that Struve's time (498 seconds) is not a second in error.

Each of the two methods we have described gives us the

time required for light to pass from the sun to the earth ; but

neither of them gives us any direct information respecting the

velocity of light. Before we can determine the latter from

the former, w^ must know what the distance of the sun is.

Dividing tins distance in miles by 498, we shall have the dis-
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tance which h'ght travels in a second. Conversely, if we can
iind experimentally how far light travels in a second, then by
multiplying this distance by 498 we shall have the distance of
the sun. But we need only reflect that the velocity of Ijcrht
IS about 180,000 miles per second to see that the problem of
determining it experimentally is a most difficult one. It is
seldom that objects on the surface of the earth are distinctly
seen at a greater distance than forty or fifty miles, and over
such a distance light travels in the forty-thousandth part of a
second. As might be expected, the earlier attempts to fix the
time occupied by light in passing over distances so short as
tliose on the surface of the earth were entire failures. The
first of these is due to Galileo; and his method is worth men-
tioning, to show the principle on which such a determination
can be made. He stationed two observers a mile or two apart
by night, each having a lantern which he could cover in a
moment. The one observer, A, was to cover his lantern, and
the distant one, B, as soon as he saw the light disappear cov-
ered his also. In order that A might see the disappearance
of Bs lantern, it was necessary that the light should travel
from A to B, and back again. For instance, if it took one
second to travel between the two stations, B would continue
to see A's light an entire second after it was really extinguish^
ed

;
and if he then covered his lantei-n instantly, A would

still see it during another second, making two seconds in all
after he had extinguished his own, besides the time B ini^rht
have required to completely perform the movement of coN^^er-
in<ij his.

Of course, by this rough method Galileo found no inter-
val whatever. An occurrence which only required the hun-
dredth part of the thousandth of a second was necessarily in^
stantaneous. But we can readily elaborate his idea into the
more refined methods used in recent times. Its essential feat-
"10 IS that Avhich must always be employed in making the de-
termination

;
that is, it is necessary that the light shall be sent

ti'om one station to another, and then returned to the first
one, where the double interval is timed. Thiire is no possi^

' 'I
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bility of comparing the times at two distant stations with the

necessary precision. The first improvement we should make

on Galileo's method would be to set up a niirror at the dis-

tant station, and dispense with the second lantern, the ob-

server A seeing his own lantern by reflection in the mirror.

Then, if he screened his lantern, he would continue to see it

by reflection in the mirror during the time the light required

to go and come. But this also would be a total failure, be-

cause the reflection would seem to vanish instantly. Onr next

effort would be to try if we could not send out a flash of

light from our lantern, and screen it off before it got back

again. An attempt to screen off a single flash would also be

a'failure. We should then try sending a rapid succession of

flashes througli openings in a moving screen, and see wheth-

er they could be cut off by the sides of the openings before

their return. This would be

effected by the contrivance

shown in Fig. 58. We have

here a wheel with spokes ex-

tending from its circumfer-

ence, the distance between

them being equal to their

breadth. This wheel is placed

in front of the lantern, L, so

that the light from the latter

Via. 68.-Revolviiig ^^eel, for measuring the has tO paSS between the SpokcS

velocity of light.
^^f ^\^q wheel in order to reach

the distant mirror. In the figure the reader is supposed to be

between the wheel and the reflecting mirror, facing the for-

mer, so that he sees the light of the lantern, and also the eye

of the observer, between the spokes. The latter, looking be-

tween the spokes, will see the light of the lantern reflected

from the mirror. Now, suppose he turns the wheel, still keep-

ing his eye at the same point. Then, each spoke cutting off the

lio-ht of the lantern as it passes, there will be a succession of

flashes of light which will pass through between tlie spokes,

travel to the mirror, and thence be reflected back again to the
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wheel W,
1 they reach the eye of tlie observer behind thewheel? Evidently they will, if they return so quickly that atooth has not had time to intervene. But suppose the wheel tourn so rap.d^ that a tooth just intervenes'as the fl s geback to ,t. Then the observer will see no light in the ,nin-o

r

because each successive flash is caught by tlS following tooth'
ust before it reaches the observer's eye. Suppose next tblf
e doubles the speed of his wheel. Ihen, ^::hr thlt'sh

travelling to tl^ mirror and back, the tooth will have passed
clear across and out of the way of the flash, so that the latterwi

1
now reach the observer's eye through 'the opening nex

following that which it passed through to leave the lanternThus the observer will see a succession of flashes so rapid
that they will seem entirely continuous to the eye. If thespeed of the wheel be again increased, the return flash will becaught on the second tooth, and the observer will see no lic^ht
win e a still further increase of velocity will enable liK
t::::; tif;:^^^^

^^--^^^ ^^^ --^ ^--i ^e.

lu principl.e, this is Fizeau's method of measuring the ve-
y of light. In place of spokes, he has exceedingly fine^h m a large wheel. He does not look between tire'teeth

itl the naked eye, but employs a telescope so arranged thatthe teeth pass exactly through its focus. An arrange^m n i

aching the observer's eye except by reflection from the
distant mirror The latter is placed in the focus of a second
eloscope so that it can be easily adjusted to send the la".
t^ack in the exact direction from which they come. To find

exact ^eloclty of the wheel which will cut ofiP the return li<.ht
tirely, and theiice the number of teeth which pass in a s'ec-

t l\ o iT'"' ^" '"'^'"''' '^'^' ^^'^ ^^^^^^^ J^«^^ ^ thousand
ee h and the reflector was nine miles away, so that the lightad to travel eighteen miles to get back to the focus of the

boTtT
.'''"^

? r"^' '^ ^^""^ ^^-^ -^th a velocity ofabout hve turns of the wheel per second, the Ijo-lit

U'i>

{-.,

is;: III'
•<*-'>
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first cut off. Increasing the velocity, it would reappear, aud

would grow brighter until the velocity reached ten turns per

second. It would then begin to fade away, and at fifteen

turns per second would be again occulted, and so on. Witli

the latter velocity, fifteen thousand teeth and fifteen thousand

intervals would pass in a second, wh-'lo two teeth and one in-

terval passed during the time th. was performing its

journey. The latter would, therefv.- oe performed in the

ten-thousandth part of a second, showing the actual velocity

to be 180,000 miles per second. The most recent determina-

tion made in this way is by M. Cornn, of Paris, who has mado

some improvements in the mode of applying it. His results

will be described presently.

Ingenious and beautiful as this method is, I do not think it

can be so accurate as another employed by Foucault, in whicli

it is not a toothed wheel which revolves, but a Wheatstoue

mirror. To explain the details of the apparatus actually used

would be tedious,

but the principle on

which the method

rests can be seen

quite readily. Sup-

pose ^J5, Fig. 59, to

represent a flat mir-

ror, seen edgewise,

revolving round an

axis at X, and C a

Fio. 69—lUustrating Foucnult's method of measuring the fixed COUCave mir-

velocity of light.
^qj.^ gQ placed that

the centre of its concavity shall fall on X. Let be a lumi-

nous point, from which emanates a single ray of light, OX.

This ray, meeting the mirror at X, is reflected to the concave

mirror, C, which it meets at a right angle, and is therefore re-

flected directly back on the line from which it came, fii'st to

X, and then through the point 0, from which it emanated, sc

that an eye stationed at-will see it returning exactly through

the point 0. No matter how the observer may turn the mir'

jB'-B

C
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ror AB, lie cannot make the reflected my deviate f,-om fl,!.ne
:

i.e can on,, „.ake it strike a different poi^t ofl, r

™it does :Sefaf.!U^ "'T "'"-.r^^'
"'^^''^' ''°^

in passing from X to C and back B, ?, { ^''"P"'

mit w,ll be sent in the direction H; the a.iMo FVa"?
'

o,,b,e that tlii-ongh wi.ieh the ini™; has ni^o "ed fi^;, '^if
r^n- ;; IdTeTn £S?!; •

^":"»" '"=-4 of

Evirlpnf .. fi u ^ '
*^"^ ^"^^ ^s easily found,

the concave mir or (7 bo'rt ^T''"™ "''™'' ">" '•"•o »*

«»ent o.i'e^i:ht::h!; :r7eo::- ;:u.irpt

-U which is probally ,vu! -.ra^^tllornd li Tsf/tSf

practicable to isolate a single inv of bS • H
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after reflection, be brought to a focus upon the surface of the

concave mirror, C. Then when the mirror AB is made to re-

volve rapidly, the return rays passing back through the lens

on their return journey are brought to a focus at a point

along-side 0, and distant from it by an amount which is pro-

portional to the time the light has required to pass from A" to

C and back again.

So delicate is this method, that the millionth of a second of

time can be measured by it as accurately as a carpenter can

measure the breadth of a board with his rule. Its perfection

is the result of the combined genius of several men. The first

idea of employing a revolving mirror in the measurement of

a very minute interval of time is due to the late Sir Charles

Wheatstone, who thus measured the duration of the electric

spark. Then Arago sl:^wed that it could be applied to de

termine whether the velocity of light was greater in water

or in air. Fizeau and Foucault improved on Arago's ideas

by the introduction of the concave mirror, having its centre

of curvature in the revolving mirror, and then this wonderful

piece of apparatus was substantially complete. The last de-

termination of the velocity of light with it was made by Fou-

cault, and connnunicated to the French Academy of Sciences

in 1862, with the statement that the velocity resulting from

all his experiments was 298,000 kilometres (185,200 miles)

per second.

The problem in question was next taken up by Cornu, of

Paris, whose result has already been alluded to. Notwith-

standing the supposed advantages of the Foucault -Wheat-

stone method, M. Cornu preferred that of Fizeau. His lirst

results, reached in 1872, accorded quite well with those of

Foucault just cited, indicating a small but somewhat uncer-

tain increase. His experiments were repeated in 1874, and

their results were communicated to the French Academy of

Sciences in December of that year. In this last series of

measurements his station was the observatory, and the distant

mirror was placed on the tower of Montliidry, at a distance of

about fourteen English miles. The telescope through whicli
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1.0 flashes of I,gl,t wee sent and i-ecoived was twenty-nine
foot long and of fourteen inches ai»rtnre. The voloity ofthe toothed whee conid he nmde to exeeed 1000 t,„-ns 1 seeend, and by the eloetro-chronograph, on whieh the re™h«iot
w„,-e ,.eeo.-ded,.he ,i,ne could be detenuined within the t

Z

sand I. of a second. At Montlhiiry, the telescope, in the foe,^
of « uch the eflecting „,i„o,. was placed, was ix nches
aperture, and was held by a large cast-iron tube set i ftl e

ZrZvT l°"T /" ""' '''^""'- M.Corn„ was ablewith the Inghest velocity of his revolvina wheel to m»t»
twenty of its teeth pass before the flashes of hght 'got latand o catch then,, on their retu™, on the twomy-fllt tootlu
Ills conclusion was a velocity of 300,400 kilometres per see-end ni air, or 300,330 in a vacuum.
The toothed wheel is a very uneortain measuring instru-

ment, in comparison with the revolving mirror just described
It received the preference because, on Foucanlfs plan the
measures had to be made within the compass of a single r^om
while with the toothed wheel the light could t.-avel°fouitee,,'
miles and back. What was wanted was a modification oh"
rovo v,ng mirror, so that the return flash could be seen from a
g..ij^ distance This was effected during the yeai-s 1878-82
by Professor A. A. Michelson and tiie writer. In their flna^

Z7"fr '! i?™'""^
"''™'™ ^^"^ -' ^ ^h"'"" "> tl>e

fl d fr f-T''
""'"• ^^-'""S'«". ""d «'0 lisLt was re-feted from a fixed mirror at the base of the Washino-ton

Monument, on the other side of the Potomac, two miles and

wa found to be less than j,^ of a second. If the measurem nute an interval seems incredible, we must consider
that a mirror involving 250 times a second will turn through

Micl^?™ i"
"^

'

^"^ ""' ""S'o '^ ««"/ measured.1
.0 esu tmg velocity was 299,860 kilometres per second, with

me cucnit of tlio earth seven and a half times in a second.
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CHAPTER V.

THE SrEOTROSCOPE.

Tn one of Dr.Lardner'8 popular, lectures on astronomy, de-

livered some thirty years ago, ho introduced the subject of

weighing the planets as one in which he could with difficulty

expect his statements to be received with credulity. That

men should measure the distances of the planets was a state-

ment he expected his hearers to receive with surprise ;
but tlie

step from measuring to weighing was so long a one, that it

seemed to the ordinary mind to extend beyond all the bounds

of possibility.

Had a hearer told the lecturci' that men would also be able

to determine the chemical constituents of the sun and stai-s,

and to tell whether any of them did or did not contain iron,

hydrogen, and other chemical elements, the lecturer would

probably have replied that that statement quite exceeded the

limits of his own credulity ; that, while he himself saw clearly

how the planets were measured and weighed, he looked upon

the idea of determining their chemical constitution as a mere

piece of pleasantry, or the play of an exuberant fancy. KrA

yet, this very thing has, to a certain extent, been done by the

aid of the spectroscope. The chemical constitution of matter

in the state of gas or vapor can be detected almost as readily

at the distance of the stars as if we had it in our laboratories.

The difficulties which stand in the way do not arise from the

distance, but from the fact that matter in the heavenly bodies

seems to exist in some state which we have not succeeded in

exactly reproducing in our laboratories. Like many other

wonders, spectrum analysis, as it is called, is not at all extraor-

dinary after we see how it is done. Indeed, the only wonder
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now i, bow tl,e first l,„lf „f tl,i„ century could have „iB8od..l,„„
|,I,p,c..,s discovering it. Tl.c essential feuL^s oftlu> method are 80 shnple ,l,at only „ knowled..e of e ell.nents of natural philosophy is necessary to enable ,^,e, loLt

si-road out on a certain scale, tho one e^d b h g^d nd tl^

uctivctn them This shows that common white liH.t is rcillva compound of every color of tho spectram. Tlus co „
' ^IS not like chcnical con.ponnds, „ ade up of two or W

3on,o Imited number of sin.ples.'bnt Is co\nposed o 'an , fi,ty of d,fterent kinds of light, all running into each other bvse,,s,ble degrees; the difference, however, being only cot0,0 m the capacity of being refracted by the prism «,rLl*c-h .t passes. This arrangement of colors, spread o„oo„
gl.t accordrng to the refrangibility of the ight wbid f°™s

r Vf"^ "«,r*»»- % the spectrnm of I y „b

'

s meant tl,o combination of colors fonnd in the li..htSmauates from that object. For instance, if we pass^le li"b^from a candle tl,.-ough a prism, so as to' separa' Ht .tot,«nen colors, and n,ake the light thus s'eparatelM „a sc^e
,
the arrangennent of colors on the screen w„„Id b"

"
tl^ I*" "" " "'° '=™'""- " ^™ '«k at a brtht

'"

'7"f''
" P"'^'"'""' combination of colors which we lee

coaled the spectrnm of the star, and so with any other objectwo ]nay choose to examine. '

made treT,"T',".
°* '°"^''« " ^P""'""" " »">"«''>'

mh^Z V \ ''Si",'""""g-"P of ligl't of the different col

m Id ff t "^ "1 T'"" '^"S''' °f rofrangibih-ty will

' ,l,nt ' '".;''' "*f'
""""' ''^"'^'"e 'o the part of

s fl I ''?'' """"«'' ^^''0- the separation of the light'S h ,s n,complete, the spectrnm is said to be impure. In o !

enm"/"?"
""^ ^'"""^^^f"^ examination of the light whichenmnates from .an object, our spectrum must be pur^; that is!

' ;r 'if*'-':-
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each roint of the spectr.un must bo formed by l.glit of om,

deLMCO of lefrangibility. To effect this in tho most per ect

way, the spectrum is not formed on a screen bnt on the return

of the observer's eye. An instrument by which this is done

is called a spectroscope.

Tho most essential parts of a spectroscope consist of a small

telescope with a prism in front of the object-glass. Ihe ob-

Berver must adjust his telescope so that, removing the prism,

and looking directly at the object, ho shall obtain distinct vis-

ion of it. Then, putting the prism in its place and turning

the telescope to such an angle that the light which comes from

the object shall, after being refracted by tho prism, pass direct-

ly into the telescope, he looks into the latter. When the prop-

er adjustments aro made, he will see a pure spectrum of the

object. In order that this experiment may succeed, it is cs-

Beiitial that the object, when viewed directly, shall present the

appearance of a point, like a star or planet. If it is an objcc

which has a measurable surface, like tho sun or moon, he will

see either no spectrum at all or only a very impure one.

For this reason, a spectroscope which consists of nothmg but

a telescope and prism is not fitted for any purpose but that ot

trial and illustration. To fit it for general use, another ob-

ject-glass, with a slit in its focus, is added. Fig. 60 shows the

Fio. «0.—Course of rays through a spectroscope.

essential parts of a modern spectroscope. At the farther end

of the second telescope, where the light enters, is a narrow

slit, which can be opened or closed by means of a screw, ana
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throu.h wlM-ch the l.Vl.t from the ol.joct is ndmitted. The
rays of l,^.l,t following the dotted linos are nmde naralle. by
passing through the len8,X. They then fall on the prisn.,^
hy which they are refracted, and from which they eme.-ge par-
ullel except that the direction of the rays of different colors
IS different, owing to the greater or less degree of refraction
produced by the pnsm. They then pass through the object-
|,'lass of the telescope, T, by which the rays of each color are
brought to a focus at a particular point in the field of view
the red rays all coming together at the lower point, the violet
ones at the upper point, and those of each intermediate color
at the.r proper place along the line. The observer, lookin-
into the telescope, sees the spectrum of whatever object is
throwing its light through the slit.

If the object of which the observer wishes to see the spetv
truin is a flame, he places it immediately in front of the siif
aud if ,t ip an object of sensible surface, like the sun or moon'
he points the collimator, C, directly at it, so that the hVdit
which enters the slit shall fall on the lens,X. But if it is a
star, he cannot get light enough in this way to see it, and ho
must either remove his collimator entirely, or fasten his spec-
ti-oscope to the end of a telescope, so that the slit shall be
exactly m the focus. The latter is the method universally
adopted in examining the spectrum of a star.

If, with this instrument, we examine the light which comes
from a candle, from the fire, or from a piece of white-hot
iron we shall find it to be continuous; that is, there is no -ap
in the series of colors from one end to the other. But if\e
take the light from the sun, or from the moon, a planet, or
ui'y object illuminated by the sun, we shall find the spectrum

be crossed by a great number of fine dark lines, showing
t^ia certain kinds of light are wanting. It is now known
Uia the particular kinds of light which originally belongedm those dark lines have been culled out by the gases surround-
ing the sun through which the light has passed. This cullin<.-
ont IS called Selective Absorption. It is found by experiment
tiiat each kmd of gas has its own liking for light of peculiar

16
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degrees of refrangibility, and absorbs the light which belongs

in the corresponding parts of the spectrum, letting all the

other light pass.

Perhaps we may illustrate this process by a similar one

which we might imagine mankind to perform. Suppose Nat-

ure should loan us an immense collection of many millionr

of gold pif C38, out of which we were to select those which

would serve us for money, and return her the remainder.

The English rummage through the pile, and pick out all the

pieces which are of the proper weight for sovereigns and half-

sovereigns ; the French pick out tliose which will make five,

ten, twenty, or fifty franc pieces ; the Americans the one, five,

ten, and twenty dollar pieces, and so on. After all the suit-

able pieces are thus selected, let the remaining mass be spread

out on the ground according to the respective weights of the

pieces, the smallest pieces being placed in a row, the next in

weight in an adjoining row, and so on. We shall tlien find a

number of rows missing: one which the French have taken

out for five-franc pieces; close to it another which the Amer-

icans have taken for dollars ; afterwards a row which have

gone for half-sovereigns, and so on. By thus arranging the

pieces, one would be able to tell what nations had culled over

the pile, if he only knew of what weight each one made its

coins. The gaps in the places where the sovereigns and half-

sovereigns belonged would indicate the English, that in the

dollars and eagles the Americans, and so on. If, now, we re-

flect how utterly hopeless it would appear, from the mere ex-

amination of the miscellaneous pile of pieces which had been

left, to ascertain what people had been selecting coins from it,

and how easy the problem would appear when once some

genius should make the proposed arrangement of the pieces

in rows, we shall see in what the fundamental idea of spec-

tnim analysis consists. The formation of the spectrum is the

separation and arrangement of the light which comes from an

object on the same system by which we have supposed the

gold pieces to be arranged. The gaps we see in the spectrum

tell the tale of the atmosphere through which the light has
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passed, as in the case of the coins they would tell what nations
had sorted over the pile.

That the dark lines in the solar spectrum are picked out by
the gases of the sun's atmosphere has long been surmised ; in-
deed, bir John Herschel seems to have had a clear idea of
the possibility of spectrum analysis half a century ao-o The
difficulty was to find what particular lines any partic°ular sub-
stance selects; since, to exert any selective action, a vastly
greater thickness of gas is generally required than it is prac-
ticable to obtain experimentally. This difficulty was sur-
mounted by the capital discovery of KirchhofF and Bunsen
that a glowing gas gives out rays of the same degree of refmngibil
ity ivhich It absorbs when light passes through it. For example
if we put some salt into the flame of a spirit-lamp, and ex-
amine the spectrum of the light, we shall find a pair of bright-
yellow Imes, which correspond most accurately to a pair of
black lines in the solar spectrum. These lines are known to
be due to sodium, a component of common salt, and their ex-
istence m the solar spectrum shows that there is sodium
lu the sun s atmosphere. They are therefore called the sodi-
um lines. By vaporizing various substances in sufliciently hot
flames the spectra of a great number of metals and gases
have been found. Sometimes there are only one or two bSght
hnes, while with iron the number is counted by hundreds
ihe quantity of a substance necessary to form these bnVht
hnes IS so minute that the presence of some metals in a com-
pnund have been detected with the spectroscope wher it was
impossible to find a trace of them in any other way. Indeed
two or three new metals, the existence of which was before en-
tirely unknown, first told their story through the spectroscope,

llie general relations of the spectrum to the state of the
suostance from which the light emanated may be condensed
mto three rules, or laws, as follows

:

1. The light from a glowing solid, liquid, or non-transparent
gas forms a continuous spectrum, in which neither bright nor
dark lines are found. The spectrum is of the same nature, no
matter how finely the substancfi mav ho rJi'vi'^n^q
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2. If the light from the glowing solid passes through a gas-

eous atmosphere, the spectrum will be crossed by dark lines

occupying those parts of the spectrum where the light culled

out by the atmosphere belongs.

3. A glowing gas sends out light of the same degrees of

refrangibility as belong to that which it absorbs, so that its

spectrum consists of a system of bright lines occupying the

same position as the dark lines it would produce by absorption.

If, then, on examining the spectrum of a star or other heav-

enly body, we find only bright lines with dark spaces between

them, we may conclude that the body consists of a glowing

gas, and we judge what the gas is by comparing the spectrum

with those of various substances on the earth. If, on the oth-

er hand, the spectrum is a continuous one, except where cross-

ed by fine dark lines, we conclude that it emanates from a

glowing body surrounded by an atmosphere which culls out

some of the rays of light.

It will be seen that die spectroscope gives us no definite in-

formation respecting the nature or composition of bodies in

the solid state. If we heat any sort of metal white-hot, sup-

posing only that it will stand this heat without being vapor-

ized, we shall have a spectrum continuous from end to end, in

which there will be neither bright nor dark lines to give any

indications respecting the substance. In order, therefore, to

cietect the presence of any chemical element with this instru-

ment, that element must be in the form of gas or vapor. Here

we have one limitation to the application of the spectroscope

to the celestial bodies. The tendency of bodies in space is tc

cool off, and when they have once become so cool as to solidi-

fy, the instrument in question can give us no further definite

information respecting their constitution.

Even if the body be in the gaseous state, we cannot always

rely on the spectroscope informing us with certainty of the

nature of the gas. The light we analyze must either be emit-

ted by the gas, the latter being so hot as to shine by its own

light, or it must be transmitted through it. Thus, the appli-

cation of spectrum analysis is confined to glowing gases and
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the atmospheres of the stars and planets, the application to the
latter depending on the fact that the sunlight reflected from
Uie surface of the planet passes twice through its atmosphere.

A '""Ia'^ ""T'
*^' "^terpretation of its results is sometimes

rendered difficult in consequence of the varied spectrum of thesame gas at different temperatures and under different degrees
of pressure. Under some conditions so many new lines are
mtroduced into the spectrum of hydrogen that it can hardly
be recognized. As a general rule, the greater the pressure, the
greater the number of hues which appear ; indeed, it has been
fonnd by Lockyer and Frankland that as the pressure and den-
sity of a gas are increased, its spectrum tends to become con-
tinuous. We must therefore regard the third of the above
rules respecting spectrum analysis, or, rather, the general rule
that a glowing gas gives a spectrum of bright lines, as not uni-
versally true. If we could, by artificially varying the temper-
ature, pressure, and composition of gases, accurately reproduce
the spectrum of a celestial body, the changes of the spectrmn
which we have mentioned would be a positive advantage;
since they would enable us to determine, not merely the com-
position of a gaseous body, but its temperature and pressure
Ihis IS however, a field in which success has not yet been'
reached. "^

There is still another circumstance which renders the spec-
tra of the heavenly bodies more complex than was at first sup-
posed, but which may, by this very complexity, enable us tomake great advances in our knowledge of the physical consti-
ution of the sun and stars. It is that the two classes of spec-
ra JUS described-namely, (1) a continuous spectrum crossed

f>.V

dark lines, and (2) a spectrum composed wholly of brio-bt
-ines-are only two extreme cases, and that in many ca'^ses
hey are combined in very different proportions. If a white-
hot body IS composed of a glowing atmosphere, the hotter
"bstances of this atmosphere may show bright lines, while
nie cooler substances may absorb dark lines from the light
emitted by the hot body below. Thus, we may have bright
hues. flnvV Imna nr^A .4.,.: i! --.... ^ .. "\*o"'

-f-

lln^r. 1 IT ''
"'^'""- -LAiuB, wtj uiay nave on

iHics, dark hues, and strips of contin.ious spectrum all mixec
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up in sncli a way that it may be hard to interpret what is

seen. The difficulty is to know whether a narrow, dark space

is produced by the absorption of a gas, or whether it is simply

an interval between two bright gaseous lines ; and whether a

narrow, bright space is produced by a glowing gas, or whether

it is a small strip of continuous spectrum from a glowing solid

between two absorption bands. We have a mixed-up spec-

trum of this kind in the Besseuicr furnace. The difficulty is

increased by the fact that the dark portions culled out by the

absorption of the cooler gases are not always fine perfectly

dark lines, but in many cases are broad, grayish bands. It is,

indeed, possible that these bands may be made up of groups

of fine lines, too close to be separately seen; but so long as the

separate lines cannot be distinguished, this question must be

undecided.

Until very lately, it was always supposed that the spectrum

of the light of the sun, so far as it could be analyzed, was

continuous from end to end, except where dark absorption

lines crossed it. A remarkable addition to this theory has,

however, been made by Professor Henry Draper, of New

York, the main point of the addition being that the spectrinn

is crossed by the bright lines and bands arising from glowing

gases, and that these lines admit of being recognized in cer-

tain parts of the spectrum if the proper steps are taken to

bring them out. That bright lines might well exist in the

spectrum no one would deny, because the gases of the chro-

mosphere must produce them. But Mr. Lockyer was the only

investigator who had attempted to show that such lines could

really be seen, and his observations had been very generally

overlooked. Dr. Draper's course was to photograpli side by

side the solar spectrum between the lines G and tl, and the

corresponding part of the spectrum of oxygen rendered lumi-

nous by the electric spark. The result is that out of thirteen

bright lines of oxygen, some of them double or treble, nearly

all have corresponding lines in the solar spectrum. The co-

incidence is so striking that it seems hardly possible to avoid

the conclusion that a sonsiderable part of the violet light of
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the snn's spectrnm arises from glowing oxygen in the plioto-
spliere. But the best authorities still differ as to the inter-
pretation to be put upon these coincidences.
What^ gives especial interest to this investigation by Dr

Draper is that it affords the first evidence whicli science has
found of the existence of oxygen in the sun, the dark lines
which would be produced by that substance having been
looked for m vain. It would seem either that the capacity of
oxygen for absorbing light selectively is very small, or that it
exists in the sun only at a very high temperature.
The reason why these lines are brought out here when they

are not found in other parts of the spectru.,! is to be found
in the extreme faintness of the violet part of the continuous
spectrum, whereby the bright lines are not obscured by the
dazzhng brilliancy of the background of continuous spectrum.
If It be asked why these bright lines have not been noticed
before, the answer is, that the dark lines are here so broad
and numerous as to cut up lie continuous spectrum into very
narrow lines of very irregular brightness, besides which ab-
sorption bands or half shades are numerous. Again, the lines
of oxygen do not appear to be so narrow and sharply defined
as those of the metallic vapors, and this makes it more difii-
cult to distinguish them from spaces between the dark bands,

llie reader now understands that when the light from a ce-
lestial object is analyzed by the prism, and the component col-
ors are spread out singly as on a sheet, the dark and bright
lines which we see are the letters of the open book which we
are to interpret so as to learn what they tell us of the body
troul which the light came, or the vapors through which it
passed. When we see a line or a set of lines which we rec-
ognize as produced by a known substance, we infer the pres-
ence of that substance. The question may now be asked, How
do we know but that the lines we observe may be produced
Dy other substances besides those which we find to produce
tliem in our laboratories? May not the same lines be pro-
iti'cod by different substances? This question can be an-
swered only by an appeal to probabilities. The evidence in

•I
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the case 13 much the same as that by which, recognizing the

picture of a friend, we conclude that it is not the picture of

any one else. For anything we can prove to the contrary,

another person might have exactly the same features, and

might, therefore, make the very same picture. But, as a mat-

ter of fact, we know that practically no two men whom we

have ever seen do look exactly alike, and it is extremely im-

probable that they ever would look so. The case is the same

in spectrum analysis. Among the great number of substances

which have been examined with the spectroscope, no two give

the same lines. It is therefore extremely improbable that a

given system of bright lines could be produced by more than

one substance. At the same time, the evidence of the spec-

troscope is not necessarily conclusive in all cases. Should

only a single line of a substance be found in the spectrum of

a star or nebula, it would hardly be safe to conclude from that

alone that the line was really produced by the known sub-

stance. Collateral evidence might, however, come in. If the

same line were found both in the sunlight and in that of a

great number of stars, we should be justified in concluding

tliat the lines were all produced by the same substance. All

we can say in doubtful cases is, that our conclusions must be

drawn with care and discrimination, and must accord with the

probabilities of each special case.
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CHAPTER I.

GENERAL STRUCTURE OF THE SOLAR SYSTEM.

Having, in the preceding parts, described the general struct-nre of the universe, and the methods nsed by astronomers in

:;n:ri' t to"""r' "^r^^^ '^^ eeiestiairz"ve hase next to consider in detail the separate bodies whichcompose the universe, and to trace the conclusions resp cUn.ho genend order of creation to which this examination maylead us Our natural course will be to begin with a ireneralescnption of the solar system to which tur elth bS"
considering, fii^t, the great central body of that svstem tZ'

toll t'"/""""
'" *° ^* P"'-* "'='* 'h^ ^ol"-- ^yrtem was

»n,as the great central body, with a number of planets rel

'"i::;;! f " f^' '"'™=" '"> ™ - "- "^^ ^

g ;,'&„ Mn/'"^
""* '?SOther by the law of „nive,.al

thaiW„! "r'r "> "'^ " ">""•' »»« ""-"Pfex one•ton Isewton supposed. As we now know them, tho bodiesof the system may be classified as follows

:

1- -Ihe sun, the great central body;

E^nd mLI
'"" "'" Planets^Mercury, Venus, the

tHe^itit !f M "I'T" P^'"''' "^' ^''''''^' ^*^^«1^'^"? outsidet^e oibit of Mars (about 220 of them are now known^

;

if

CJ
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4. A. group of four outer planets—Jupiter, Saturn, Uranus,

and Neptune

;

5. A number of satellites of the planets, 20 bein^j now

known, of which all but three belong to the group of outer

planets

;

Fio. 6ij—Relative elze of sun and planets.

6. An unknown number of comets and meteors, revolving

in very eccentric orbits.

The eight planets of groups 2 and 4 are called the major

planets, to distinguish them from all others, which are smalleJ

or less important.
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Tlio ra>,go of eke, distance, and mass among tho bodies ofhe system is enormons. Neptune is eighty times as far fromhe sun as Mercury, and Jupiter several thousand ti.nes ah avy. It >s, therefore, difficult to lay down a map of thewhole sj^tem on the same scale. If the orbit of Mercury verorepresented w.th a diameter of one-fourth of an inch tit ofiNeptune would have a diameter of 20 inches
With the exception of Neptune, tlie distances of the eiirhtmajor planets proceed in a tolerably regular progression S^o

the senes The progression is known as the law of Titiusfrom ,ts first proposer, and is as follows: Take tl* scries ofmu„be,-s 0, 3, 6 12, 24, 48, each one after the second b i,^formed by doubhng the one which precedes it. Add 1 tomh of these numbers, and we shall have a series of numbers

lie sun. The following table shows the series of numbers thusfonned, together with the actual distances of the plan s exP-sed » the same scale, the distance of the earth being

Planet.

Mercuiy
Venus
Earth
Mars
Minor planets

.

Jnpiter

Saturn

Uranus
Neptune

Numbers of Tltlu

~o"+4=" 4
3-j-4= 7
C + 4= 10

12 + 4= IG
24+4= 28
48 + 4 = f,2

9G + 4 = 100
192 + 4 = 19G
384 + 4 = 388

Actual Distance. Error.

3.9 0.1
7.2 0.2

10.0 0.0
15.2 .".8

20 to 35
52.0 0.0
95.4 4.G

191.9 4.1
300.6 87.4

It will be seen that before the discovery of Nentune the

ZZZZ " "'°T 't™^'^^^"'"=
-''--ofan act*

om, letTv d
™°'°. ?•" *•"= ^"""'-^'y »f «"« Pl»no' i" 1846

a resSt ,

'"'
*'"' P/OP"'"""^ °* *« ^^l""' =3-'™> "'«

that Z ""^
'^''"' ™'* '™P'" '"'" ^^'"'"=™'-- I' is true.at many mgemous people employ themselves from time to •

' '> working out numerical relations between the distances
'
the planets, their masses, their times of rotation, and so on,
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and will probably continue to do so ; because the number of

such relations which can be made to come somewhere near to

exact numbers is very great. This, however, does not indicate

any law of nature. If wo take forty or fifty numbers of any

kind—say the years in which a fc . persons were born
;
their

ages in years, months, and days at some particular event in

their lives ; the numbers of the houses in which they live
;
and

so on—we should find as many curious relations among the

numbers as have ever been found among those of the planet-

ary system. Indeed, such relations among the years of the lives

of great actors in the world's history will be remembered by

many readers as occurring now and then in the public journab.

Bange of Planetary Masses.—The great diversity of the size

and mass of the planets is shown by the curious fact, that, con-

sidering the sun and the eight planets, the mass of eacli of the

nine bodies exceeds the combined mass of all those which are

smaller than itself. This is shown in the following simple cal-

culation. Suppose the sun to be divided into a thousand mill-

ions of equal parts, one of which parts we take as the unit of

weight: then, according to the best determinations yet made,

the mass of each planet will be that used in the following cal-

culation, in which each mass is added to the masses of all the

planets which are smaller than itself, the planets being taken

in the order of their masses, beginning with the smallest

:

Mass of Merc'iiT ~,j
Mass of Mais 11—

Combined mass of Meicm-y and Mars ^ ^^^'^

Mass of Venus ••• 122!ll

Combined mass uf Mercm-y, Venus, and Mars 2,8|Ij^

Mass of the Earth ll!^

Combined mass of the four inner planets
/±'i''n

Mass of Uranus iZirillJ

Combined mass of five planets
^r^'fm

Mass of Neptune ^^^
Combined mass of six planets

oa-'-sn
Mass of Saturn ~-^^^,

Combined mass of seven planets ori'w
Mass of Jupiter _i-'i'4 -

Combined mass of all th(j planets 1,34:1, (W7

. Mass of th« sur 1,000,000,000
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e.,3 tl an^ t„.t of tl.e sun; that Jupiter is bctweon two ai.d>l.rec tunes as heavy as the other seven planets together S«^un. n,ore than twice as heavy ,« the otl/er six ; and so ouA.,.c^ o/M. «„,u*.-The apparent n.otions of tl.e plan-ets are descnbed in the first ehapter of this work- and in U-e.econdehapterit is shown how these apparent m^tls "esnUfrom the real mot..,„s as laid down by Conernicns tUw
Tl "r;r " *" "•""• "'"-^'^ '« »•'- ;: :pp„^t'

:

m U„,ght. Between sunset and inidnight it will be seen som„

il wi: tTr """ "•""'• """
's ""> ""- -n 1 sTo

:

i:::.:^:'! s^ ieT=;^i'::\r"'r *•"" '"^^^

.•III .

^«'"c« «>eiy aay. A month aftei- ounos finn I'fw. I be two to three hon,. high soon after sunset,a.TwlXtbe niendmn between nine and ten o'clock at ni-h^wSee months after opposition, it will be on the meridian l^t61J n the evening. Hence, knowing when a planet is in on-os,t,on a s,«c,ator will know prctt.v nearly wLe to lo "kZL ,

.'"" ^'' '"""""""^ ^y ""' •»« ot a star map

me
) anets are always very near the ecliptic. Indeed if anvHl.U,ar is not down on the map, he m^y fed sJX hL

In describing the individual planets, we give the times whenttcy are „ opposition, so that the reader may always be ableto m,ogn,ze then, at favorable seasons, if he wishes do so

folkws:'""^"""'
"•' P'^™'«'^'"' 'heir satellites, is as

hnna Gbocp.

OUTKE QroCP of
GbBAT PlANETB.

fMercuiy,

J Venus.

I

Earth, with its moon,
l Mars, with 2 moons.

The minor planets, or asteroids.

'Jupiter, with 4 moons.

.
Saturn, with rings and 8 moons.
Uranus, with 4 moons.

* Neptune, with 1 moon.
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This arrangement is partly exhiljited in the following plan

of the solar Bystcni, showing the relations of the planetary or-

bits from the earth outward. The scale is too small to show

the orbits of Mercury and Venus.

.^U of TJran na

Fio. 62.—Orbits of the planets from the earth outward, showing their relative distances

froiu the sun lu the centre. The positions of the planets are near those which they oc-

cupy in 187T.

/*
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CHAPTER II.

THE SUN.

SS'^l'r a'lUr""",',''T 1r "'° "'I'-"" "f * brilliant globo
33

,
or a

1 ttlo mo,-o tlmn l.alf a degree, i„ diameter. To giveprecision to our language, the shining surface of this .,l?bowinch we see with the ej-e or with the telescope, and withforms he vrsible sun, is called the photosphere} its it ^ exceeds ,„ mtensity any that can be produced by ar flcll
means, the electric light between chaJcoal points'bei

.",'
only one winch does not look absobttely black against theTclouded sun. Our knowledge of the nature of tins In nhm vcommences wth the invention of the telescope, since w I outUna metrument it was impossible to form arVeoncepZ of

g^obe of fire, and m this ti.ey were more nearly ri<.ht than«rao of ti,e moderns
; but there was so entire an absence of

1
real fonndatiou for ti.eir opinions that the latter are oflU

shall ,rV" "' "^ "" "" '"^""•'''" of philosophy, wl*all therefore commence our description of the sun with aoonsiderafon of ti.e telescopic researches of ,«ent Zes
I 1. The Photosphere and Solar Radiatim.

.nn^ n!i'!"f''"^
'^'' ""^ Photosphere, or sinning surface of the

ta,rr "" "'';'" f ^"'^'^ ''"'"o '"'f-n'i'y that any at-tempt to gam a,, ms.ght into its structure seems hopeless.

^n 3 1/ '7 ^T^ "^ dark-looking spots ; and if the vis-

1 ok hri ; T T" ""'•''*""y' "'= ^''«» »»» ^'^ 'hat the

teafltf ='":*r/,T"'^ " '""''^O appearance, looking

Zst, '" "'!«=''.; '•'^''fi'"'<l ™e-grains are suspend^. Per"•ps the most familiar idea of this appearance will be pre-

n
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sented by saying that the sun looks like a plate of rice soup,

the grains of rice, however, being really hnndreds of miles in

length. Some years ago Mr. Nasmyth, of England, examining

the sun with high telescopic powers, annomiced that this mot-

tled appearance seemed to him to be produced by the inter-

lacing of long, narrow objects shaped like willow leaves, which,

running and crossing in all directions, form a net-work, cover-

ing the entire photosphere. This view, though it has become

celebi-ated through the very great care which Mr. Nasmyth

devoted to his observations, has not been confirmed by subse-

quent observers.

Among the most careful and laborious telescopic studies of

the sun recently made are those of Professor Langley.* He

has a fine telescope at his command, in a situation where the

air seems to be less disturbed by the snn's rays than is usual

in other localities. According to his observations, when the

sun is carefully examined, the mottling which we have de-

scribed is seen to be caused by an appearance like fleecy

clouds whose outlines are nearly indistinguishable. We may

also discern numerous faint dots on the white background.

Under high powers, used in favorable moments, the surface

of any one of the fleecy patches is resolved into a congeries

of small, intensely bright bodies, irregularly distributed, which

seem to be suspended in a comparatively dark medium, and

whose definiteness of size and outline, though not absolute, is

yet striking, by contrast with the vagueness of the cloud-like

forms seen before, and which we now perceive to be due to

their aggregation. The "dots" seen before are considerable

openings, caused by the absence of the white nodules at cer-

tain points, and the consequent exposure of the gray medium

which forms the general background. These openings have

beer called pores. Their variety of size makes any measure-

ments nearly valueless, though we may estimate in a very

rough way the diameter of the more conspicuous at from 2'

to 4"^

"^Professor S. P. Langley, Director of the Observatory at Allegheny, reniisjl-

Vauia.
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In moments when tlie definition is veiy ii„e, the brisht nod-ales or nee-gmms are found to be made up of elnsteis of mi
nute points of iight or "granules," about onlthird of a secondm diameter. These have also been seen around the edges ofhe pores by Secchi, who estimated their magnitude as even
less than that assigned by Langley. The faet ?ha tse pointeare aggregated mto little cluster, whieh ordinarily p,Jent^appearance of rice-grains, gives the latter a certa"™! lart
y of outlme which has been remarked by Mr. Hu<.gi ^Th,there appear to be three orders of aggre^ticn i"1 bwi.egons of the photosphere: cloud-like foms which can beas,ly seen at any time; rice-gra=ns or nodule, 'nto wh eh tl.eseor„,s are resolved, and which can always be seen with a to

te escope under good definition; and granules which make up
tl e nce^grams. There is, however, no sharp distinction to bedrawn between the nodules and the rice-grains : it mi.ht beImost as near the truth to say that the rfce-grains are of vamus s,zes ranging from one-third of a second in diameter toone second or more; and that the smaller ones are ofteteo,"
ected mo mmute clusters, which can hardly be distinl!,H°edfrom grams of larger size.

"Min^ui^.ied

Yet more recent are the studies of the sun's surface madeby Jaussen,* of Fmnee, with the aid of photography m
neny of the photographic record, and the consequent po™

d c ibed
°*;;'^™7'?"» observation which we have alreadyteubed- atmospheric undulations, which render the sun's

iius dilticnlty may, liowever, be obviated hy taking a »r,>nt-W of^photographs,and selecting .uJ^^'ZfZ
In applying this method, Janssen h., taken his photographs"a larger scale than has been attempted by his pLeciso

''^^^;;;Sos^pi<^^ the sun heingfron/twelve to fifteen

• P'of. .T, C. .ta,.c„, di,.e.o,- of ,h. |,l,,.ic„l „b,e„.»,„ry „. MeuJon, France.
•1 K

't-!
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inches in diameter. Tiie grunulatiun is tluis brought out with

remarkable distinctness, as may be seen from the following

figure, whicli is enlarged so that the whole sun, on the same

scale, would be three feet in diameter.

FiQ. 63.— Aspect of the Sun's Surface as Photographed by Jansseu at .ae Ob8ei'vutoi7

of Meudon.

M. Jansscn finds that the granular elements are of very dif-

ferent sizes and brilliancy, the diameters ranging from a few

tenths of a second to three or four seconds. Tlie form is gen-

erally slightly elliptic, but is subject to considerable variations.

The differences of brillianc}' among the granules seem to arise

fi'om their being situated at different depths in the photo-

sphere. But the most remarkable result of Janssen's photo-

graphs is what he calls the photospheric nee -work, ^'reseau

photosjpherique^'* This is not a net-Avork of lines, as we might

understand it, but a subdivision of the photosphere into regions

in which the granules look hard and well defined, and regions

in which they look softened and indistinct. This apjieaiance

is shown, though somewhat imperfectly, in the abo\e figure,
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wliich is taken f,-o„i one of Janssen's i.l.otoirrnpl.s. The boun-
daries of tlio re..ions of well and ill deHned i,n.u.ulations are
necossarily son.ewhat indeHnite, and sometimes appear straiH.t
and sometMues cnrved. The dimensions of the regions of lll-
<lehned p-annlation are very variable. Sometimes they attain
a duuHoter of one nn.u.te or more. Within them, th'e grannies
so.wcf n.es disappear entirely, their place being occupied by
shva.Ms of matter. This disappearance seems to be due to
violent niovements of the photospheric matter destroying the
graiuiiar elements. Jo"
When we call these shining objects "granules," it must be

remembered that we speak of the appearance, not of the reali-
ty, lo subtend an angle of one second, at the distance of the

is's;id Jtr'"'-
^' f?

""'"' ^°"^' consequently, from what
s a,d of the size of the granules, they must be from 100 to
500 nnles m length and breadth.

If we carefully examine the sun with a very dark smoked

shadmg off on all sides towards the limb. Careful compari-
sons of the intensity of radiation of different parts of the disk
«liow that this diminution near the limb is connnon to all the
mys, whether those of heat, of light, or of chemical action
llie most recent measures of the heat rays were made bvbang ey by means of a thermo-electric pile, those of the li.d;t
'•ays by Pickering,* and those of the chemical rays bv Vo..el fhe intensities of these several radiations at different^dist^mces
.•o.n the centre of the disk as thus determined are shown in

tl'o tal)le on the following page. The intensitv at the centre

l^T "'T'-^ i''-
'^^''^ ^"'^^ ^^'•""" '^-'«« t'- distancebon the centre in fractions of the sun's radius, which is sup-

posed nn.ty. Thus, the first line of the table corresponds Jo
centre; the last to the edge. Professor Laugh's meas-

'l^do not, however, extend to the extreme edge.

^h^^^- "" '^'"^°""^' ^'™'°'- °^"^° "•"•^"'•J Observatorv, Cn.nbri.ige,

y

i i

t 'I i
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Diitance f'om Hent Rnya Light Chemical Rnyft

Oentro of the Sun. (Lengley). (Pickering). (Vogel).

.00 100 100 100

.126 .... !)9 100

.25 !»9 97 98

.876 94 95

.50 "95 91 90

.{i25 .... 80 81

.75 86 79 00

.85 • t • • 09 48

.95 .... 55 2.-.
1

.96 62 ...

.

23

.98 50 . ..• 18

1.00 .... 37 13

It will be seen that near the edge of the disk the cheinical

rays fall off most rapidly, the light rays next, and the heat

rays least of all. Roughly speaking, each square minute neai'

the limb of the sun gives about half as much heat as at the

centre, nbout one-thii'd as much light, and less than one-seventh

as many photographic rays. Of the cause of this degradation

of light and heat towards the limb of the sun no doubt has

been entertained since it was first investigated. It is found in

the absorption of the rays by a solar atmosphere. The snn

beii-g a globe surrounded by an atmcsphere, the rays which

emr.nate from the photosphere in a horizontal diicction have

a greater thickness of atmosphere to pass through than those

which strike out vertically; while the former are tliose we

see ncai- the edge of the disk, and the latter near the centre.

The different absorptions of different classes of rays corre-

spond exactly to this supposition, it being known that the

more refrangible or (ilieinical rays are most absorbed by va-

pors, and the heat rays the least.

From thi"^ it follows that we get but a fraction—perhaps a

small fracL i—of the light and heat actually emitted by the

sun ; and that if the latter had no atmosphere, it would ho

mucli hotter, much brighter, and bluer in color, than it actually

is. The total amount of absorption has been very differently

estimated by different authorities, Laplace supposing it ini,i,'lit

be as much as eleven - twelfths of the whole amount. The

smaller estimates are, however, more likely to be near the
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i™th there being no good reason for l.olding that more tlmn
li .If the raj-s are absorbed. That is, if the sun had „o atmo
|.l.ere, nnght be twice as bright and as hot as it actuXisbut won d not be hlcely to bo three or four tin,es so. pXor Langlej suggests that the glacial epoch may have been Ze
.0 a greater absorphon of the sun's heat bj ii atmosphere insome past geological age.

'o»pueie m
• A very hnportant physical and astronomical problem is thatmeasur.ng the total an.onnt of heat radiated bv the nn to
;

e earth dur,„g any period of time-say a day or a yea"fhc ques ,on admits of a perfectly definite answer, but themare tw'o difhculties in the way of obtaining it; one to d ti

,

g.ush between the heat coming from the ^un itselVand t t'commg from the atmosphere and surrounding ob ec s
•

eother to allow for the absorption of the solar heat by our ^mosphere which must be done in order to determine the tt

a i^rs".
"^r^f"« *''" ""^ '""• Tl>e standard determtna ions have long been considered those of Pouillet and of SirJohn Herschel. The results obtained by the former may b'

expressed thus
:

if the air were out of the way, and a sS of
.ce were so held that the sun's rays should fell upon i pc^!

le .ate of l^ mehes in 24 hours. But Professor laugley
as recently shown that this result is much too small, owing

It mt';^^ t"^
?""" "?'" '""'''' '""osphere being „nder°

est mated Ihe mcrease has not been accurately determined
»«t .s probably 50 per cent., and may be yet greater.

'

the mT 7 "'" """^' '° ^'^"=™'™ ""= temperature of

tin aL r -"T""'
°* '""" ^'™'' " '='<'!'"-. I^"' *e«. rV'™/ ™'^.«'<l«*'y' o-ing to the nneertaiutv

respecting the aw of radiation at high temperatures. By sup-P«ng the radiation proportional to the temperature, Secchi*

altl,
,!:""'

r 'r rr"'
"'""°" degrees, wlnle, by taking

P 1,1 'fT^^ ^^ *" experiments of Dulong andUtit, otliera find a temperature not many times exceeding

• Ruliei- Angelo Sccchi, lale Dheclor of iho Ob.e, valoij at Kom,.

lik

HI I

'iri.,v
'

',

i!
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that ot a reverberatory fnrna(;e. For the temperature of th--

photosphere, it seems likely that the lower estimates are more

nearly right, being founded on an experimental law ; but the

temperature of the interior must be immensely higher.

At the present time an investigation of the solar radiation,

by Professor Langley, is in progress, and promises important

results as to the actual amount of energy lost by the sun every

year, and the character of the absorption which takes place'

in the atmospheres of the sun and the earth. The great

difficulty met with, by previous investigators, is that obser-

vations or the solar light and heat have been made near the

earth's surface, after the passage of the rays through a dense

and frequently vaporous atmosphere. In concluding, from

measures at the ; arth's surface, the amount of radiation which

would be observed if there were no atmosphere, it is necessary

to make allowance for atmospheric absorption. In calculating

this absorption It has been assumed proportional to the amount

of atmospliere through which the rays had passed. Professor

Langley shows that although this assumed law may be true

for rays of any one degree of refiangibility, it will not be true

for the sun's heat as a whole ; because a large absorption of

certain rays, especially the more refi-angible ones, takes place

in the higher regions of the atmosphere. In order to attain a

good result it was necessary to make observations at the great-

est possible height, and in the pm-est and dryest atmosphere,

and to compare them with observations at a lower station.

In 1881, Professor Langley organized an expedition to Alt.

\Vhitne3^,in California, which rises about 15,000 feet above the

level of the sea, in a country where the sky is exceptionally

flear, arid the air unusually free from vapor. His measures

of temperature were made by means of the Bolometer^ an instru-

ment of his own invention, especially adapted to this pm-pose.

Its most essential part is a strip of metallic leaf -]- 'tf an i.icli

long, Y^ of an inch wide, and ^^finr of an inch thick. This

minute object f<»;ined part of an electric cir';uit, and changes

in its temperature were determined by the covidequent change

in its electric conductivity; so sensitive is it vhat a change ot
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I

1^;
li

temperature of -^^r^-^ of a degree can bo detected by the

galvanometer.

This strip, being placed parallel to the Fraunhofer lines, is

moved over different pai-ts of the spectrum, not only from the

extreme violet to the extreme red, but yet farther among the

invisible heat rays, so long as any radiant heat can be detected.

It is, therefore, a sort of an eye, whiclx is sensitive to.radiant

heat of all degrees of refrangibility. When, in moving slowly

over the spectrum, it reaches a dark line, the strip becomes

slightly colder, and hence a better conductor of electricity

The flow of electricity is therefore increased. On leaving the

line it grows warmer, and the flow of electricity is diminished.

Thus the positions of the lines are registered, whether they are

or are not visible to the human eye.

Professor Langley has supplied figures showing the distribu-

tion of the heat spectrum as thus determined on Mt. Whitney.

The difference between the two figures arises from the dif-

ferent ways in which the spectrum is formed by the grating

and by the prism. The latter crowds together the light or heat

waves of small refrangibility and long wave-lengths, while it

proportionally scatters rays of large refrangibility and short

wave-lengths. This effect is shown in the small figure B,

where the rays are more and more crowded as we pass from

tlie violet towards the red. The corresponding prism r.tic spec-

trum shows a maximum of heat to the left of the line A, and

tlierefore beyond the visible part of the spectrum.

It is very different with a diffraction spectrum obtained from

a ruled grating. Here, as will ^n seen at A, the rays are all

scattered equally, so that the spectrum is shown in its trne

proportions. In the larger figure of the diffraction spectrum

the distribution of heat is shown on the same scale, and the

maximum of heat is found to be near the orange. The bending

curve shows the intensity of the radiant heat at each ponit

of the spectrum, as it would be in the absence of selective

absorption by The ^an's atmosphere. We have already men-

tioned Protessor Langley's conclusion that the real sim,

below its absorbing layer, is much bluer than it appears
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to 118. But, from his experimentB on absorption by the earth's

atmosphere, he also L-onuiudos that, could we rise above our at-

mosphere, tiie sun woui 1 hv far richer in the extreme violet rays

than we ever see it on the uiirtii's Ri.rface, and vonld appear

of a bine like tiuxt of the spectrum, near the Fraunhofer line F.

§ 2. The Solar Spots and Rotation.

Even the poor telescopes uiade by the contemporaries of

Galileo could hardly be directed to the sun many times with-

out one or more spots being seen on Jiis surface. Whatever

credit may be due for a discovery which required neither in-

dustry nor skill should, by the rule of modern science already

referred to, be awarded to Fabritius for the discovery of ilie

solar spots. This observer, otherwise unknown in astronomy,

made known the existence of the solar spots early in 1611—

a year after Galileo began to scan the heavens with his tel-

escope. His discovery was followed up by Galileo and Sclici-

ner, by wluun the iii'st knowledge of the nature of the spots

was acquired.

The first idea of Scheiner was that the spots were small

planets in the neighborhood of the sun ; but this was speedily

disproved by Galileo, who showed that they must be on the

surface of the sun itself. Tlie idea of the sun being affected

with any imperfection so gross as a dark spot was repugnant

to the ecclesiastical philosophy of the times, and it is not un-

likely that Scheiner's explanation was suggested by the desire

to save the perfection of our central luminary.

A very little observation showed that the spots had a regu-

lar motion across the disk of the sun from east to west, occu-

pying about 12 days in the transit. A spot generally appeared

lirst on or near the east limb, and, after 12 or 14 days, disap-

peared at the west limb. At the end of another 14 days or

more it reappeared at the east limb, unless in the mean time

it had vanished from sight entirely. The spots were found

not to be permanent objects, but to come into existence from

time to time, and, after lasting a few days, weeks, or months,

to disappear. But so long as they lasted, they always ex-
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Ijibited tl,e motion just described, and it was ll,e„co inferred
timt the sun rotated on his axis in about 25 days

used aT2TTf "'° ^^™'"^'^'""' ""d <>igl"eenth eenturie,
used a method of observing the sun which will often be found

applied w th dark glasses at his disposal. Take an ordinar,good spyglass, or, indeed, a telescope of any si^e, and p!,i,u

F.«. «. -Method of loldlDs Kteope, ^, .j^ ,„„^ ^^^_

tod by holdmg a p.eee of paper closely in front of the 'eye-

D r h.I ". ° ?""
'^''r

""""«' "'" "^'-""l* "" "- pa-

., he ? "^ " "^r'-'
•«'"• ^'"' "^'"^'ope should be at-

Sf I
"'o/'"':'-™' <!'<"'»"' of the sun, and should pass

«". cannot shine m front of the telescope except by passing

Pi

11

pi----:-

-I
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through it. An opening in a window-shntter will answer a

good purpose, only thp rays must not have to pass through the

glass of the window in order to roach tho telescope. Draw

out tho eye-piece of tho instrument about the eighth of au

inch beyond the proper point for seeing a distant object.

Then, liolding a piece of white paper before the eye-piece at

a distance of from G to 12 inches, an image of the 8\m will bo

thrown upon it. Tho distance of the pai)er must be adjusted

to tho distance the eye-piece is drawn out. The farther wo

draw out tho eye - piece, the nearer the best image will be

formed. Having adjusted everything so that the edge of the

sun's image shall be sharply defined, one or more spots ciui

generally be seen. This method, or something similar to it, is

often used iu observing eclipses and transits of Mercury, and

is very convenient when it is desired to show an enlarged im-

age of the snn to a mnnber of spectators.

When powerful telescopes were applied to tho sun, it was

found that the spots were not merely the dark patches which

they first appeared to be, but that they comprised two well-

Fio. 60.—Solar spot, ufter Secclii.

marked portions. The central part, called the nmhra or nu-

cleus, is the darkest, and is surrounded by a border, interme-

diate in tint between the darkness of the spot and the brill
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ia..cy of the .olar surface. TJiis border is termed the penum-
hm. Ordnmnl.v it appeai-s of a nniforn, gray tint. JJut when
<.irefully exanuned witli a good telescope in a very steady at-
mosphere, It is found to be striated, looking, in fact, nn.ch like
the bottom of a thatched roof, the separate straws bcin<' di-
rected towards the interior of the spot. This appearance is
shown in the hgiu'c.

The spots are extremely irreg.ilar in form and unequal in
s.ze. Ihey are very generally seen in groups -sometin.es
two or more con.bined into a single one; and it frequently
happens that a large one breaks np into several smaller one^
Ihun- duration is also extremely variable, ranging from a few
clays to periods of several months.

Until about a century ago, it was a question whether the
spots were not dark patches, like scoria, floating on the molten
surface of the photosphere. Wilson, a Scotch observe.-, how-
ever found that they appeared like cavities in the photosphere,
the dark part being really lower than the bright surface around
I

.
As a spot approached the edge of the disk, he found that

the penumbiu grew disproportionately narrow on the side
nearest to the sun's cenire, showing that this side of it was
seen at a smaller angle than the other. This effect of per-
spective is shown in Fig. (57, where, near the sun's limb, the
SKle of the penumbra nearest ns is hidden by the photosphere.
1 hat the spots are cavities is also shown by the fact that
when a large spot is exactly on the edge of the disk a notch
IS sonietimes seen there. The shaded penumbra seems to

iXm ' '
""^ '^'' cavity, while the umbra is the invisible

These observations gave rise to the celebrated theory of
>Vilson, which IS generally connected with the name of Iler-
schol, who developed it more fully. The interior of the sun
>s, by this theory, a cool, dark body, surrounded bv two layers
ot clouds. The outer layer is intensely brilliant, and fJrms
tlie visible photosphere, while the inner laver is darker, and
tonus the umbra around the spots. The latter are simply
openmgs through these clouds, which form from time to
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Fio. ST.—CbaugcB in the aspect of a solar spot as it crosses tlie snii's disk, showing it to be

a cavity in tlie ptiotosphere.

time, and thi'Oiigh which we see the dark body in the interioi-.

Anxious that this body should sei've some especial piii'poso in

the economy of creation, they peopled it with intelligent l»e-

ings, who wei-e pi'otected from the fierce i-udiation of the pho-

tosphere by the layer of cool clouds, but wei-e denied every

view of the universe without, except such glimpses as they

might obtain thi'ough the occasional openings in the plioto-

sphei'e, which we see as spots.

Leaving out the fancy of living beings, this theory aocouiit-

sd very well for appeai-ances. That the ))hotosphei'e conlil not

i»o absolutely and wh-ijly solid, liquid, or gaseous seemed evi-

dent fi'om the natui-e of the spots. If it wei'e solid, the l.ittor

could not be in such a constant state of change as wo see
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nriHl!!'" f " ™'T
"'^'"'^ °'- S-^""^' "-^^ ^^"ties could

..ot CO t.n ,e for ,no„tl,s, as they wo,-e sometimes seen to because the hqujd or gaseous matter would rush in f om alls.dos and ftU then. „,,. The only hypothesis that slemed lefopen to Herschel was that the photosphere consisted oTlntfloatnig ,„ an atmosphere. As the sides of the cavities looked

biilhancy of the photosphere was only on and ]ie,ir the s-.race; and as the bo.ton, of the cavi^- looked o2ely da *.he^co„dus.on that the sun had a dark interior seenidtl:

The discovery of the conservation of force, and of the mmal convertdnl ty of l,eat and force, was fatal to dU th "r

'

Such a sun as that of Ue.-schel would ha>c coded off entirely „few days and then we should receive neither ligh n^ fefr m ,t. A contnmous flood of heat such as theL ha tomd.at.ng for thousands of yea,-s can be kept up only bya eontnexpend,ture of force in some of its Lnfs; but on Herschel s theory the supply necessary to n.ect thi; expendit ne-« nnposs,ble. Even if the heat of the photosptere co dkept up by any agency, it would be constantly converd to
II c ntenor by conduction and radiation

; so that in time thew olc sun would beconie as hot as the photosph ^e Zd
l.ab,tonts would be destroyed. I„ the time of I e scM«s no deemed necessary that the sun should be a ry hoW the heat .-eceived from his rays being supposed by ma u>o be generated by their passage thron|h our atmosple eTl.= photosphere was, therefore, supposed to be sin.ply „L

Fluorescent, not hot. This idea is still entertained by many

laws of heat d.scovered during the present century. We

« best estabhshed results of these laws is that the surface
;'!:""

'V"'^"''''^^''
""•'^"y '"'-'' "-""or than „; re

cicnce IS, Uw the supply of heat is maintained ac-ainat''"^h nnmense loss by radiation.
"



,
^^

254 THE SOLAR SYSTEM.

§ 3. Periodicity of the Spots.

The careful observations of the solar spots which have been

made during the last century seem to indicate a period of

about eleven years in the spot-producing activity of the sun.

During two or three years the spots are larger and more nu-

merous than on the average; they then begin to diminish,

and reach a minimum five or six years after the maximum.

Another six years brings the return of the maximum. The

intervals are, however, somewhat irregular, and further obser-

ations are required before the law of this period can be fixed

with certainty. An idea of the evidence in favor of the pe-

riod may be formed from some results of the observations of

Schwabe, a German astronomer, who systematically observed

the sun during a large part of a long life. One of his meas-

ures of the spot-producing power was the number of days on

which he saw the sun without spots in the course of each

year. The following are some of his results

:

V;

From 1828 to 1831, sun without spots on only 1 day.

In 1833, " 139 days.

From 1836 to 1840,
" 3 days.

In 1843, " 147 days.

From 1847 to 1851,
" 2 days.

In 18r)6, " 193 days.

From 1858 to 18G1, " no day.

In 1867, " 195 days.

We see that the sun was remarkably free from spots in the

years 1833, 1843, 1856, and 1867, about half the time no con-

siderable spot being visible. This recurrence of the period

has been traced back by Dr. Wolf, of Zurich, to the time of

Galileo, and its average length is about 11 years 1 mouth.

The years of fewest sun-spots during the present century were

1810, 1823, 1833, 1844, 1856, and 1867. Continuing the

series, we may expect very few spots in 1878, 1889, etc. Tlic

years of greatest production of spots were 1804, 1816, 1S20,

1837, 1848, 1860, and 1870, from which we may conclude

that 1882, 1893, etc., will be years of numerous sun-spots.
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The observations of Schwabe and tbe i-esearcbes of AVolfseem to have placed the existence of this period beyond alonbt; l,„t no satisfactory explanation of i canse has vetbeen ^,ve„. When fl,.t noticed, its near approaTto be ™nod of rovolnfon of Jnpiter natnrally led to tbe belief tte|bere was a connection between the two, and that tl» attne..on of tbe largest planet of tbe syste.n produced some d^M b

0, Lut tbis co,mect.on seen,s to he disproved by tbe factthat the snn-spot period is at least six „,o„ bs, and per L ! ayea,., shorter than the revolntion of Jnpiter. It is th- eft r^prohabe that the periodicity in qnestion is not dne to any 17..on 0,. s,de tbe snn, but is a res.,lt of some law of so^I, actioof winch we are as yet ignoi-ant.

There are certain supposed connections of the snn-spot venod w,th te.Testrial pheno.nena which a.^e of intc'esf Z
: T t tr"'"'

"""""'^^ i'"'^ "^ ""- °* statistics t^b,.,:

to "! ™^'"',""™»te connection between tbe .C

...uneious. II.s conclusion was that the fewer the si,ot« tl,^
mo,.e favorable tbe solar rays to the growth of trl
^ the ry has not been confinned by subsequent obse..^

.e.caiclies of Professoi-s Lovering and Loo.nis, tint the fre..oncy of auro,.as and of .nagnetie disturbance is ub «, to
po.-.«d co,Tesponding to that of sun-spots, these oecu™ ce"

::«T *r^1"^"'.r'"="
«- «I»t« are ,no; nun.ero,, Wtesso, Loonns cons,de,-s the coincidence to be nrettv well

Se t r'"'f
'^'='°'" ™'-"'« 'o "^ P-i'i™ conclusion,lie occuirenee of great auro,-as in 1859 and 1870-71 wassti.Iungly accoi'dant with tbe tbeoi-y.

i i- Law 0/ notation of the Sun.

ob.!^nroL'oV;r"
'''' ^^^ 1^^^1'---T careful series ofoosenations of tlie positions and motions of the solar spots

IS

1-
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was made by Mr. Carrington, of England, with a view of de

ducing the exact time in which tlie sun rotates on his axis.

These observations led to the remarkable result that the time

of rotation shown by the spots was not the same on all i)arts

of the sun, but that the equatorial regions seemed to perform

a revolution in less time than those nearer the poles. Near

the equator the period was about 25.3 days, while it was a

day longer in 30° latitude. Moreovei-, the period of rotatiou

seems to be different at different times, and to vary with ths

frequency of the spots. But the laws of these variations are

not yet established. In consequence of their existence, we

cannot fix any definite time of rotation for the sun, as we can

for the earth and for some of the planets. It varies at dif-

ferent times, and under different circumstances, from 25 to

26i days.

I'he cause of these variations is a subject on which there is

yet no general agreement among those who have most care-

fully investigated the subject, Zollner* and Wolf see in the

general motions of the spots traces of currents moving from

botii poles of the sun towards the equator. The latter con-

siders that the eleven -year spot -period is associated with a

flood of liquid or gaseous matter thrown up at the poles of

the sun about once in eleven years, and gradually finding its

way to the equator. Z()llner adopts the same theorj', and has

bubmittcd it to a mathematical analysis, the basis of which is

that the sun has a solid crust, over which runs the fluid in

which the spots are formed. Tiie current springs up near

the poles, and, starting towards the equator without any iota-

tion, is acted on by the friction of the revolving crust. P)}'

this fraction the crust continually tends to carry the fluid with

it. The nearer the current approaches the equator, the more

rapid the rotation of the crust, owing to its greater di»;t:iiice

from the axis. The friction acts so slowly that the curreVit

reaches the equator before it takes up the motion of the crust.

On this hypothesis, the crust of the sun really revolved in

* Dr. J. C. F. ZoUnev, Professor in the University of Leipsic
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about 25 days; and the reason that the fluid which covere itevolves more slowly at a distance from the sun s eqltorthat .t has not yet taken np this normal velocty of SonTlus explanafon of the seeming paradox that the equator al

la liose parts nearer the poles, cannot be regarded as a, esabhshed scentiflc theory. It is mentioned as^beim, s ZZtl.ewr,ter ,s aware, the most co.npletely elaborated explana
.0 yet offered. It is possible that the spots have a proptmo .on of then- own on the solar surface, and that this isThereason of the apparent diffc-ence in the time of rotation h!Merent lat,t„des. Yet another theory of the subject sthaof Faye,* who maintains that these differences in the ra e ofrotation are due to ascending and descending curren s I vdbe more fully explained ir, .resenting his views. But ve 1

1
"

r: :oXiort:' ""
"'""' "'^""^ -^ -^ ^^' f- f-™ -^

«

111 a conaition to answer. ^

§ 5. The Sun's Surroundings.

M^l^tr" ^^^\^^-""-d with any other instru-

•^ of
^'P''T ^''" *"*"^^^^ ''^^'"^^ ^>y the inter-erition of the moon, we should not have formed anv idoTni

Mght have been better satisfied tli.t we had a con.plete 1^0^

a Zl' !
''.^"^ ^"^''"'^'^^ f^^'tlier than before froma suhsfactory explanation of solar phenomena. When the Tents supposed the sun to be a globe of molten i o"had

^ hd^ exp]a„,tio. of them was quite in aecL wS ^
wk) 11 '^"J^''

"^^' ^ "--^^^^ ^^ '-^garded as the latest manwl^o has held a theory oi the physical constitution of the sun

* Mr. H. E. Faye member cf the French Academy of Sciences. I
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which was really satisfactory at the time it was propounded.

We have shown how his theory was refuted by the discovery

of the conservation of force ; we have now to see what per-

plexing phenomena have been revealed in recent times.

Phenomena during Total Eclipses.— li, during the prograss

of a total eclipse, tlie gradually diminishing crescent of tlie

sun is watched, nothing remarkable is seen until very near the

moment of its total disappearance. But, as the last ray of sun-

light vanishes, a scene of unexampled beauty, grandeur, and iiri

pressiveness breaks upon the view. The globe of the moon,

black as ink, is seen i;s if it were hanging in mid-air, surround-

ed by a crown of soft, silvery light, like that which the old

painters used to depict around the heads of saints. Besides

this " corotsa," tongues of rose-colored flame of the most fan-

tastic forms shoot out from various points around the edge of

the lunar disk. Of these iwo appearances, the corona was no-

ticed at least as far back as the time of Kepler ; indeed, it was

not possible for a total eclipse to happen without the specta-

tors seeing it. But it is only within a century that the at-

tention of astronomers has been directed to the rose-colored

flames, although an observation of them was recorded in the

Philosophical Transactions nearly two centuiies ago. They

are known by the several names of " flames," '' prominences,"

and " protuberances."

The descriptions which have been given of the corona, al-

though differing in many details, have a general i-esembhuice.

Halley's description of it, as seen during the total eclipse of

1715, is as follows:

"A few seconds before the sun was all hid, there discovered

itself round the moon a luminous ring about a digit, or per-

haps a tenth part of the moon's diameter, in breadth. It was

of a pale whiteness, or rather pearl-color, seeming to me a lit-

tle tinned with the coloi-s of the ii-is, and to be concentric

with the moon."

The more careful and elaborate observations of recent times

show that the corona has not the circular form which was for

merly ascribed to it, but that it is quite irregular in its out
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line. Sometimes its fonn is .n.,re nearly square than round,
the corners of tlie square bein.i,. about 45° of solur latitude
and the sides, the afore, con-esponding to the poles and tho
equator of the sun. This square appearance does not, how-
fvor, arise from any regularity of forn. but from the fact that
the corona seems brighter and liigher half way between the
Piles and the equator of the sun than it does near those points.

Ki9. (iS.-Total eclipse of the snn as peon at Des Moiiics Iowa Aucrnst 7tl, is,-o r.

hfolrf
"^ J. K. Eastman. The letter, a, .. o, et<i::nS th^Sr^ !Jl^e^pS:

Hiose prominent portions sometimes seem like rays shootino-
""t from tlie sun. The corona is always brightest'at its base.
|,n-a(inally shading oif towai-d the outer ed-e. It is impossi-
•1^ to say with certainty how far it extends, but there is no

f n.l.t that It has been seen as far as one seinidiameter from
the moon's limb.

r-'i

»' * '
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The corona was formerly supposed to be an atmosi)liere

eitlier of tlie moon or of the sun. Thirty or forty yeiire agi;,

the most plausible theor}' was that it was a solar atmosphere,

and that the red protuberances were clouds Heating in h.

Tiiat the corona could be a lunar atmosphere was completely

disproved by its irregular outline, for the atmosphere of a

body like the moon would necessarily spread itself around in

nearly uniform layers, and could not be piled up in some

quarters, as the matter of the corona is seen to be. "We shall

soon see that there is no doubt about the corona being some-

tliing surrounding the sun.

The question whether the red protuberances belong to tJie

moon or the sun was settled during the total eclipse of ISGC,

wliich was observed in Spain. It was then proved by meas-

ures of their height above the limb of the moon that the lat-

ter did not carry them with her, but jifissed over them. Thi?

proved that they were lixed relatively to the sun.

At the time of this eclipse the spectroscope was in its in-

fancy, and no one thought of applying it to the study of the

corona and protuberances. The next considerable eclipst oc-

curred eight years later, in July, 1868, and was visible in In-

dia and Siam. The spectroscope had, in the mean time, couie

into very general use, and expeditions were despatched from

several European countries to India to make an examination

of the spectra of the objects in question. The most success-

ful observer was Janssen, of France, who took an elevatod

position in the interior, where the air was remarkably clear.

When, on the eventful day, the last ray of sunlight was cut

off by the advancing moon, an enormous protuberance showed

itself, rising to a height of many thousand miles above the sur-

face of the sun. The spectroscope M'as promptly turned upon

:t, and the practised eye of the observer saw in a moment that

the spectrum consisted of the bright lines due to glowing hy-

drogen. The protuberance, therefore, did not consist of any

substance shining merely by reflected sunlight, but of an im-

mense mass of hydrogen gas, so hot as to shine by its own

light. The theory of the cloud -like nature of the protubur

ances was overthrown in a moment.
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Ti,is observation marks tl,o eo,„,nence,ncnt of a new era insua, pl,y».e8 wind,, by a singnlar coineidenco, was inan.-,,-

at l,c
1 ,e wb,el, he was tl,e a,.st of „,e„ to see, it oaon,Tedolnn, that tl,cy «.o,.o b,.igbt enongh to be sec, af e,- tl,e tota

pl. so of the ocI,,,se I,ad passed. lie tl.e,-ofo,-o detennined towatch the>n and find how long he could follow then,, I ekept sight of them, not only after the total phase had passed

«,tl a sufhcently poweifnl specti^oscope, he conld see tte
»pect,.al hnes of the p,-otnbe,.a„ee8 at any ti.ne when the r«s P-fcctly ear, so that the va,.ying fc^.s of these rol k-aWe objects wh.ch had l,itl,erto been seen only dn,'!,,. the
,-n.-e moments of a total eclipse conld be .nade'a sithje'ct rf
,-cgiilar observation. '

But this great discovery was made in England, indenend-endy of the eclipse, by Mr. J. No,-,nan Locly-e,-. This 'en-e,„an was an active student of the snbject of spect,-oseor.and
,

had occn>-,ed to hin, t!,at the ,na ter ccnposin/these
p.ot„be,.a,,ces, being so near the sn,-face of the T ,tn be

apo,-,zed, and, ,f so, its spectr.nn might be seen by mea, s of
tl.e speetroscope. Finding that the'nstrnment he pos essed™ld show nothing, he o.-dered a more powerfnl o'r Bnt
ts con, ,.„e ,o„ was attended with so ,nnch delay that it was

t ready t,ll Octobe,-, 1868. On the 20th of tlL montj, 1 emtedtt .,pon the ma,.gin of the s„n,and fonnd th,-ee b glines ,n the spectru.n, two of which belonged to hydro..en

.ore b,,t which he was p,-eve,.ted from ca,-rying out by the" .1 of a sn, able inst,-n,„ent. His success was i,n,„edfato v

^wlTttt ;°,"" ^7"" ^-^-"^'"-^ "' Sciences, the nt!;a l""g that body on the ve,y day that wo,-d was .-eceivedt.«m Jans^,n,,n Ind.a, that he had also solved the same p,-ob.

p.S!^f.
"''

^"'
I"''''"^^"^' Mr- Lockyer found that the

P'»t"bciances arose from a narrow envelope surrounding the

I
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Fio. 6U.—Specimens of solnv protiineiiiiice^, an di-iiwii by Secclii. The bright base in c:\tl)

figure represents tlie chroniosphore from wliich the red flamus rise.

whole surface of the sun, being, in fact, merely elevated poi-

tions of this envelope: that is to say, the sun is surronndetl

by an atmosphere composed principally of hydrogen gas, por-

tions of which are here and there thrown up in the form ot
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^]u nuou3 tongues of flamo, which, how ever, can never bo seen
except with the spectroscope, or (liirin«' total ech'pses. To tl \\H

atmosphere Mr. Lockyer gave tlie name of the cllromosjyhere.
This new method of research throws no hght upon the con-

stitution of the c(.i-ona, because the spectrum of this ol)ject is
too faint to be studied at any time, except during total eclipses
There have on two in the United States within ton ycai-s,
during both of which the corona was carefully studied with'
all the appliances of modern science. The first of these
eclipses occurred on August 7th, 18G9, when the shadow of
the moon passed over Iowa, Illinois, Kentucky, South-western
A irgmia, and North Carolina. The second was that of July
21)th, lST8,when the shadow passed over Wyoming, Colora-
do, and Texas. One of the most curious results of the last
eclipse is derived from a study of the photographs taken by
parties sent out from the Kaval Observatory. These show
that the corona is not a mass of foggy or n^ilky light, as it

usually appears in small telescopes, but has a hairy .structure,
like long tufts of flax. This structure was noticed by W. s!
Gihnan during the eclipse of 1869, but does not seem to have
lieen generally remarked. The most prominent feature of the
spectrum of the corona is a single bright line in the green
portion, discovered independently by Professoi-s Ilarkness and
\ ouug during the eclipse of 18G0. It has not been -'dentified
111 the spectrum of any terrestrial sul)stance. This would in-
dicate that the corona consisted in part of some gases un-
known on the earth. There is also a faint continuous spec-
trum, ill which the dark lines of the solar sjxjctrum can be
seen, but these lines are much more prominent during some
eclipses than during others. This portion of the sj^ctrum
'mist be due to reflected sunlight. It would seem, therefore,
that the corona compris-s a mixture of gaseous matter, shining
by Its own light, and particles reflecting the light of the sun.
Continued observations of the spectra of the various gases

surromiding the sun show a much greater number of lines
than have ever been seen during total eclipses. Mr. Lockyer
lumself, by diligent observation extending over several years,
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found over a liundred. But tlie greatest advance in this re-

spect was made by Professor C. A. Young. In 1871 an astro-

nomical expedition was fitted out by the Coast Survey, for the

purpose of learning by actual trial whether any great advan-
tage would be gained by establishing an observatory on tlie

most elevated point crossed by the Pacific Eailway. This
point was Sherman. The spectroscopic part of the expedition
was intrusted to Professor Young. Although there was a
great deal of cloudy weather, yet, when the air was clear, far

less light was reflected from the sky surrounding the sun than
at lower altitudes, which was a great advantage in the study
of the sun's surroundings. Professor Young found no less

than 273 bright lines which lie was able to identify with cer-

tainty. The presence of many known substances, especially

iron, magnesium, and titanium, is indicated by these lines;

but there are also many lines which are not known to pertain

to any terrestrial substance.

§ 6. Physical Constitution of the /Sun.

Respecting the physical constitution of the sun, there are

some points which may be established with more or less cer-

tainty, but the subject is, for the most part, involved in doubt
and obscurity. Since the properties of matter are the same
everywhere, the problem of the physical constitution of the

sun is solved only when we are able to explain all solar phe-

nomena by laws of physics which we see in operation around
us. The fact that the physical laws operative on the sun must
be at least in agreement with those in operation here, is not

always remembered by those who have speculated on the sub-

ject. In stating what is probable, and what is possible, in

the causes of solar phenomena, we shall begin on the outside,

and go inwards, because there is less doubt about the opera-

tions which go on outside the sun than about those on his sur

face or in the interior.

As we approach the sun, the first material substance we
meet with is the corona, rising to heights of five or ten, per-

haps even fifteen, minutes above his surface, that is, to a height
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atmosphere at a rate of over 300 miles a Roeomi? Ami luiw

rare must such an atiiiosi)hero be when the t;omet passes not

only wit.iout destruction, but without losing any sensible vo-

locity ! Certainly so rare as to be entirely invisible, and inca-

pable of producing any physical effect.

What, then, is the corona? Probjibly detached particles

partially or wholly vaporized by the intense heat to which

they are exposed. A mere dust-particle in a cubic mile of

space would shine intensely when exposed to such a flood of

light as the sun pours out on every body in his neighborhood.

The ditlic\dt question which wo meet is. How are these parti-

cles held up? To this question only conjectural rei)lies can

be given. That the particles are not permanently held in one

position is shown by the fact that the form of the corona is

subject to great variations. In the eclipse of 1SG9, Dr. Gould

thoui^ht he detected variations during the three minutes the

eclipse lasted. The three conjectures that have been formed

on the subject are :

1. That the matter of the corona is in what we nniy call a

state of projection, being constantly thrown up by the siui,

while each particle thus projected falls down again according

to the law of gravitation. The difKculty we encounter here is

that we nmst suppose velocities of projection rising as higli as

200 miles per second constantly maintained in every region

of the solar globe.

2. That the partis s thrown out by the sun are held up a

greater or less time by electrical repulsion. We know that at-

mospheric electricity plays an active part in terrestrial mete-

orology ; and if electric action at the surface of the sun is pro-

portional to those physical and chemical actions which we

find to give rise to electrical phenomena here on the earth,

the development of electricity there must be on an enornioub

scale.

3. That the corona is due to clouds of minute meteors cir-

culating around the sun in the immediate vicinity of that lu-

minarv.
t/

As already intimated, none of these explanations is much
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spectrum already described (p. 225), This seems satisfactori

\y proved by an observation of Professor Yonn<?'s during tlio

eclipse of 1870, in Spain. At the moment of disappearance

of the last rays of simlight, when he had a glimpse of the

base of the chromosphere, he saw all t'.^vj spectral lines re-

versed ; that is, they were bright lines on a dark gronnd. The

^'apors which absorb certain rays of the light which passes

through them from the sun then emitted those same rays

when the sunlight was cut off.

The most astonishing phenomena connected with the chro-

mosphere are those outbursts of its matter which form the pro-

tuberances. The latter are of two classes—the cloud-like und

the eruptive. The first class presents the appearance of clouds

floating in an atmosphere ; but as no atmosphere dense enougli

to sustain anything can possibly exist there, we find the same

difliculty in accounting for them that we do in a( counting for

the suspension of the matter of the corona. In fact, of the

three conjectural explanations of the corona, two are inadmis-

sible if applied to the protuberances, since these cloud -like

bodies sometimes remain ; t rest too long to be supix)sed mov-

ing under the influence of the sun's gravitation. This leaves

the electrical explanation as the only adequate one yet broii^^lit

forward. The eruptive protuberances seem to be due to the

projection of hydrogen and magnesium vapor from the re^noii

of the chromosphere with velocities which sometimes rise to

150 miles a second. The eruption may continue for hours, or

even days, the vapor spreading out into great masses thousands

of miles in extent, and then falling back on the chromosphere.

Is it possible to present in language any adequate idea of

the scale on which natural operations are here carried on 'i If

wc call the chromosphere an ocean of fire, we must remember

that it is an ocean hotter than the fiercest furnace, and as deep

as the Atlantic is broad. If we call its movements hnrricaues,

we must remember that our hurricanes blow only about a hun-

dred miles an hour, while those of the ciiromosphere blow as

far in a single second. Thev are such hurricanes as, " coniiii}];

down upon us from the north, would, in thirty seconds after
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they had crossed the St. Lawrei.cc, bo hi tlie Gulf of Mexico
carrying with then the whole .urfuce of the continent in a
...ass, not snnply of ruin, bnt of glowing vapor, in which the
vapors arising from the dissolution of the materials composing
the cities of Boston, New York, and Chicago would be mixed
.n a single indistinguishable cloud." Wlien we speak of erui>.
t.ons, we call to mind Vesuvins burying the surronnding cities
in lava; but the solar eruptions, thrown fifty thousand miles
h.gh woula ingulf the whole earth, and dissolve every or.^an-
ixed being on its surface in a moment. When the medieval
poets sung,

" Dies iio!, dies illu

Solvet focclum in favilla,"

they gave rein to their wildest imagination, without reaching
a..y conception of the magnitude or fierceness of the flames
around the sun.

Of the corona and chromosphere the telescope ordinarily
shows us nothing They are visible only during total eclipses,
or by the aid of the spectroscope. All we see with the eye or
the telescope is the shining surface of the sun called the pho-
tosi^here, on wluch the chromosphere rests. It is this which
.ad.ates both the light and the heat which reach us. The
op.nions of students respecting the constitution of the photo-
sphere are so different that it is hardly possible to express any
views that will not be challenged in some quarter. Althonch
a contrary opinion is held by many, we may venture to say
tliat the rays of light and heat seem to come, not from a
gas, but from solid matter. This is indicated by the fact that
heir spectrum is continuous, and also by the intensity of the
ght, winch far exceeds any that a gas has ever been made
to give forth. It does not follow from this that the photo,
sphere is a continuous solid or crust, since floating particles of
ol d ,natter will shine in the same way. The general opinion

I'as been that the photospliere is of a cloud-like nature; that
|s,ot mmute particles floating in an atmosphere of heated gases
Anat It IS not continuously solid like our earth seemed to be
rniiv shown by the variations and motions of the spots, which
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have every appearance of going on in a fluid or gas. Indeed

of late, some of the most eminent physicists regard it as puie

]y gaseous, the pressure making it shine like a solid.

But this tiieory is attended with a difficulty which has not

been sufficiently considered. The photosphere is in striking

contrast to the gaseous chromosphere, in being subject to no

sensible changes of level. If it were gaseous, as supposed,

the solid particles having no connection with each other, \\c

should expect those violent eruptions which throw up the pivv

tuberances to carry up portions of it, so that it would now and

tlien present an irregular and jagged outline, as the chromo-

sphere does. But the most retined observations have never

shown it to be subject to the slightest change of level, or devi-

ation from perfect rotundity, except in the region of the spots,

where its continuity seems to be broken by immense chasui-

like openings.

The sei'ene immobility of the photosphere, under such vio-

lent actions around it as we have described, lends some color

to the supposition that it is a solid crust which forms around

the glowing interior of the sun, or, at least, that it is composed

of a comparatively dense fluid resting upon such a crust. The

latter is the view of Ztillner, who considers some sort of au

envelope between the exterior and the interior of the sun ab-

solutely necessary to account for the eruptive protuberances.

He places this solid envelope three or four thousand lailes be-

low the surface of the photosphere.

Inside the photosphere we have the enormous interior

globe, 860,000 miles in diameter. The best-sustained theory

of the interior is the startling one that it is neither solid nor

liquid, but gaseous; so that our great luminary is notiiing

more than an immense bubble. The pressure upon the inte-

rior portions of this mass is such as to reduce it to nearly the

density of a liquid ; while the temperature is so high as to

keep the substances in a state which is between the liquid and

the gaseous, and in which no chemical action is possible. The

strong point in support of this gaseous theory of the sun's in-

terior is. that it is the only one which explains how the sun's
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light and heat are kept up. How it does this will bo shownm treating of the laws which govern the secular changes of
the universe at large.

§ 7. Views of Distinguished Students of the Sun on the Subject of
xts Physical Constitution.

Tlie progress of our knowledge of the sun durinc. the pasten yeai. has been so rapid that only those can completely fol!
low It who make it the principal business of their lives For
the same reason, the views respecting the sun entertained by
those who are engaged in studying it must be modiiied and
extended from time to time. The interest which necessarily
a taches to the physical source of all life and motion on our
globe renders the author desirous of presenting these views to
his readers in their latest form

; and, through the kindness of
several of, the most eminent investigators of solar physics nowhvmg, he 18 enabled to gratify that desire. The following
statements are presented in the languai^e of their respective
authors, except that, in the case of Messrs. Secchi and Faye
hey are translated from the French for the convenience of

tlie English reader. It will be noticed that in some minor
points they differ from each other, as well as from those which
the author has expressed in the preceding section. Such dif-
terences are unavoidable in tiie investigation of so difficult a
subject.

Viem of the Rev. Father Secchi^" For me, as for every one

t mn r!/"°
•'

^V'^^^f''^^^^
body, raised to an enormous

emperature m which the substances known to our chemists
and physicists, as well as several other substances still unknown,
ar m a state of vapor, heated to such a degree that its spec-rum IS contmuous, either on account of the pressure to which
h vapor IS subjected, or of its high temperature. This incan-
descent mass ,s what constitutes the photosphere. Its limit is
dehned, as m the case of incandescent gases iji general, by the
u^pcrature to which the exterior layet is redufed by its^free

radiation in space, together with the force of gravity exert-ed by the body. The photosphere presents itself as composed

I

J-
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of small, brilliant granulations, separated by a dark net-work

These granulations arc only the summits of the flames which

constitute them, and which rise above the lower absorbing

layer, which forms the net-work, as wo shall soon more clearly

see.

"Above the photospheric layer lies an atmosphere of a very

complex nature. At its base are the heavy metallic vapoiu,

at a temperature which, being less elevated, no longer perniita

the emission of light with a continuous spectrum, although it

is sufficient to give direct spectra with brilliant lines, which

may be observed, during total eclipses of the sun, at its limb.

This layer is extremely thin, having a depth of only one or

two seconds of arc. According to the law of absorption laid

down by Kirchhoff, these vapors absorb the rays of 'he spec-

trum from the light of the photosphere which passes through

them, thus giving rise to the breaks known as the Fraunhofer

dark lines of the solar spectrum. These vapors are mixed

with an enormous quantity of hydrogen. This gas is present

in such a quantity that it rises considerably above the other

layer, and forms an envelope rising to a height of from ten

to sixteen seconds, or even more, which constitutes what we

call the chromosphere. This hydrogen is always mixed witli

another substance, provisionally called helium, which forms the

yellow line D^ of the spectrum of the protuberances, and with

another still rarer substance, which gives the green line 1474

JT. This last substance rises to a much greater elevation than

the hydrogen ; but it is not so easily seen in the full sun as

the latter. Probably there is some other substance not yet

well determined. Thus, the substances which compose tliis

solar envelope appear to be arranged in the order of their

density ; but still without any well-defined separation, the dif-

fusion of the gases producing a constant mixture.

"This atmosphere becomes visible in total eclipses in the

form of the corona. It is very difficult to fix its absolute

height. Tlie eclipses prove that it may reach to a lieight

equal to the solar diameter in its highest portions.

« No doubt it extends yet farther, and it may well be con-
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nectcd with the zodiacal light. The visible layer of this at-
mosphero is not Bpherical; it is higher in middle latitudes,
near forty-hve degrees, than at the equator. It is still more
depressed at the poles. At the base of the chromosphere'
the hydrogen has the shape of small flames composed of very
inn, close filaments which seem to correspond to the granu-
ations of the photosphere. During periods of tranquillity
the du-ection of these filaments is perpendicular to thi solar
surface

;
but dunng periods of agitation they are generally

TdXX:" "'' ^"' ^'^" '''-''-' ^^"^'"^^^^'"^ ^-
"The body of the sun is never in a state of absolute repose.Ihe various substances coming together in the interior of thebody tend to combine, in consequence of their aflinity, and

necessarily produce agitations and interior movements of every
kind and of great intensity. Hence the numerous crises whichhow themselves at the surface through the elevation of theo.er strata of the atmosphere by eruptions, and often by act-mi exp osions Then the lower metallic vapoi-s are projected

^
considemble heights, hydrogen especially, at an LTatLn

VI ible m the spectroscope (in full sunlight) of one-fourth the
olar diameter. These masses of hydrogen, leaving the phi
cohere at a temperature higher than that of the atn.osphere,

ed dlt' T'^^'r^^'"'
"* '^'' latter, remaining suspend-

ed, d.fft,sing themselves at considerable elevations, and form-

2 T T f^f *^'' prominences or protuberances. The

1 rr. /^.>'^.'''='"^"' protuberances is entirely simi.

1 diff,
•

"!'''"' '^''^^ themselves from denser layers,
ddiffusmgin the more rare ones: but their extreme vlna.

oriL!" n vT' ?'"'" !^^' '^'''^ ^^ "«* P^^ through anyoimce m a solid resisting layer. ^ J'

JZ!'l
eruptions are often mixed with columns of metallic

vapo.s of greater density, which do not attain the elevation
ot the hydrogen, and of which the nature can be recognized

\LT f .^ spectroscope: occasionally we see them fall-'ng back on the sun in the form of parabolic jets. The most
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comtnon substances arc sodium, magnesium, iron, calcium, etc.

•—indeed, tlie same substances wbich arc seen to form tbe low,

absorbing layer of tlio solar atmosphere, and which by their

absorption produce the Fraunhofer lines. A rigorous and in-

evitable consecpienco of these conditions is the fact that when

the mass thus elevated is carried by the rotation of the sun

between the photosphere and the eye of the observer, the ab-

sorption becomes very sensible, and produces a dark spot on

the photosphere itself. The metallic absorption lines are

then really wider and more diffused in this region ; and if

the elevated mass is high and danse enough, we can even see

the re-reversal of the lines already reversed ; that is to i^ay,

we can see the bright lines of the substance itself on the back-

ground of the spot. This often happens for hydrogen, wliicli

rises to a gi-eat lieight, and also with sodium and magncsiuiii,

which metals have the rarest vapors. Here, then, we have the

origin of the solar s[)ot8. They are formed by masses of ab-

sorbing vapors which, brought out from the interior of the sun,

and interposed between the photosphere and the eye of the ob-

server, prevent a large part of the light from reaching our eyes.

" But these vapoi-s are heavier than the surrounding mass

into which they have been thrown. They therefore fall b}-

their own weight, and, tending to sink into the photosphere,

produce in it a sort of cavity or basin filled with a darker and

more absorbing mass. Hence the aspect of a cavity recognized

in the spots, if the eruption is instantaneous, or of very short

duration, this vaporous mass, fallen back on the photosphere,

loon becomes incandescent, reheated, and dissolved, and the

spot rapidly disappears ; but the interior crises of the body of

Ihe sun may be continued a long time ; and the eruption niay

maintain itself in the same place during two or more rotations

)f the sun. Hence the persistence of the spots ; for the cloud

can continue to form so long and so fast as the photosphere

dissolves it, as happens with the jets of vapor from our vol-

canoes. The eruptions, when about to terminate, may be re-

vived and reproduced several times near the same place, and

give rise to spots very variable in form and position.
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"The spots are fonncd of a central rccrion, called the nu-
c eus, or umbra, and of a surrounding, part loss dark, called

e penumbra. The latter is really forn^ed of thin dark veils,
and of hian.er. 8 or currents of photospherie matter which
tend to encroach upon the dark nniss. Those currents have
the form of tongues, often composed of j,dobuhu- nnisses look-
w.^' hko stnngs of bea<ls or willow leaves, and evidently are

t.lv rtf""\ ^;i'''«^««PJ»^'-« preeipitating then.selvee
to vails the centre of the spot, and sometimes crossing it like
a bridge. *=

Fig. 71.-ninstratlng Secchi'a theory of solar spots

of oxt"^ii
'

,
*°"™''™; tho «^eond, of rest; the third,

a d d ol^' y}
"'" *"'''•'"=

P''<"<'«l*<=ri<= n»sB is raised

10? V
• f f

" =™* "Sita'ion, often in the nature of a

on- tS: rrv ^'^^^ "•"S"'"^ movements defv desori;"on, tl,c,r veloeitres are enormons, and the agitated reJu

ul\

'*'m
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extends itself over several square degrees; but this upturn-

ing soon comes to an end, and tlie agitation slowly subsides,

and is succeeded by calm. In the second period, the agi-

tated and elevated mass falls back again, and tends to com-

bine in masses more or l&ss circular, and to sink by its weight

into the surface of the photosphere. Hence the depressed

form of the photosphere, resembling a funnel, and the numer-

ous currents which come from each point of the circumference

to rush upon this obscure ma«s ; but at the same time the con-

trast between it and the substance issuing still persists. The

spot takes a net.rly stable and circular form, a contrast v/hich

may last a long time—so long, in fact, as the interior actions of

the solar globe furnish new materials. At length, the latter

ceasing, the eruptive action languishes and is exhausted, and

the absorbing mass invaded on all sides by the photosphere is

dissolved and absorbed, and the spot disappeai-s.

'•' The existence of these three phases is established by the

comparative study of the spots and eruptions. When a spot

is on the sun's border during its first period, although the

dark region is invisible, its position is indicated by eruptions

of metallic vapors, if the spot be considerable. On the daik-

est ones the vapors of sodium, iron, and magnesium are seen

in the greatest quantity, and raised to great heights. A calm

and circular spot is crowned by beautif'^l faculfc and jets of

hydrogen and metallic vapors, very low, though quite brilliant.

A spot which is on the point of closing up has no nietUlio

jets, and at the utmost only a few small jets of hydrogen, and

a more agitated and elevated chromosphere. Besides, obser-

vation teaches that the eruptions in general accompany the

spots, and that they are deficient at times when the spots are

wanting. Thus the solar activity is measured by the double

activity of eruptions and spots which ha,ve a common source,

and the spots are really only a secondary phenomenon, de-

pendmg upon the eruptions and the more o? less absorbing

quality of the materials : if the erupted materials, were not

absorbent, we could see no spots at all.

" The eruptions composed simply of hydrogen do not pre
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dnce spots; thus they are seen on all points of the disk, while
the spots are limited to the tropical zones, where alone the
metalhc eruptions appear. The eruptions of simple hydro-engnj rise to the facute. The greater brilliancy of the facSl^
>s due to two causes: the fii-st is, the elevation of the photo-
sphere above the absorbing stratum of vapor whicli is very
bin (only one or two seconds of arc, as we have before said)

;

this elevated region thus escapes the absorption of the lower

T7'T J'PP'^''' ™^'^ ^'•^"^^"*- The other cause may be
that tne hydrogen, in coming out, displaces the absorbing
stratum, and, taking the place of the metallic vapors permits
a better view of the light of the photosphere itselP

^

laus, m conclusion, the spots are a secondary phenomenon,
but, nevertheless, inform us of the violent crises which pre^
vail m t)ie interior of the mdiant globe. The frequency of
the spots corresponding to the frequency of eruptions, the two
l^ienornena, l^ken In connection, are the mark of solar activ-
ity, ihe spots occupy the zones on each side of tlie solar
equator, and rarely pass beyond the parallel of thirty decrrees
One or tn^ seen at forty-five degrees are exceptiJis. \hat
parallel 13 hei^fore the limit of greatest activitv of tlie bodyK IS remaikable that the parallels of thirty degies divide the
lieimspheres into two sectors of equal volume. Beyond these
parallels wesee facute, but not true spots-or, at most, only
veiled spots indicative of a very feeble metallic eruption

buch a fluid mass, in which the parts are exposed to very
i^ftcrent temperatures, could not subsist without an interior
circulation. We do not yet know its laws; but the following
facts are well enough established: the zones of spots are not
lixed,but have a progressive motion from the equator towards
Uio poles. The spots, arrived ^t a certain high latitude, cease
^0

appear, but after some time reappear at lower latitudes,
and afterwords go on anew. Between these phases of dis-
placement ihere is commonly a minimum of spots. During
periods of activity the protuberances have a dominant direc"
t.011 towards the pole, as also the flames of the chromosphere.
'IMS indicates a general movement of the photosphere from

>I
'

'

'
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the equator to the poles. This movement is supported by thes

displacement of the zones of eruption and of the protuber-

ances, which always seem to move towards the poles.

" Besides this movement in latitude, the photosphere has

also a movement in longitude, which is greatest at the equa-

tor. Thus the time of rotation of the body is different upon
different parallels, the minimum being at the equator. These
phenomena lead to the conclusion that the entire mass is af-

fected with a vortical motion which sets from the equator

towards the poles, iu a direction oblique to the meridians.

The theory of these movements is still to be elaborated, and
is, no doubt, connected with the primitive mode in which tht

sun was formed.

" The activity of the body is subject to considerable fluctu-

ations : the best established period is one of eleven and one-

third years, but the activity increases more rapidly than it di-

minishes—it increases about four years, and diminishes about

seven. This activity is connected with the phenomena of ter-

restrial magnetism, but we cannot say in what way. We may
suppose a direct electro-magnetic influence of the sun upon
our globe, or an indirect influence due to the thermal action

of the sun, which reacts upon its magnetism. It is, indeed,

very natural to suppose that the ethereal mass which fills the

spaces of our planetary system may be greatly altered and

modified by the activity of tlie central body. But, whatever

may be the cause of these changes of activity, we are com-

pletely ignorant of them. The action of the planets has been

proposed as plausible but it is far from being satisfactory.

The true explanation is reserved for the science which shall

reveal the nature of the connection which unites heat to elec-

tricity, to magnetism, and to the cause of gravity.

" Of the interior of the sun we have no certain information.

The superficial temperature is so great, notwithstanding the

continual loss of heat which it suffei-s, that we cannot suppose

it less in the interior ; and, consequently, no solid layer can ex-

ist there, except perhaps at depths where the pressure duo to

gravity equals or surpasses the molecular dilatation produced
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t e exploration of om- instramente is, no donbt, fluid and .rase-

etoi establ,shed hy certani astronomers. Notwitlistandins tliesesmall flnetuafons, the radiation of the body into its plU^js em .s „ea,ly constant during widely separated peri d a,^despecally .s at so during the historic period. This emis Lnev
.s uc o several causes, first, to the enormous Iss'fl^body, which can bo cooled only very slowly, owin-. to its vervl..gli temperature; second, to the contrac ion of the masf«nch accompanies a>e condensation consequent upon AeTossof »at; .lni.d,to the emission of the heat of dijciatioi d e

;: tttSatr °' "'"'""^^' ^^"-' *" -^ -- p>-
"The origin of this heat is to be found in the force of .^rav-

0.
1
die limits of the planetary system to its present volume

vo id produce, not only its actual tomperat„.-e, but one ev
ral times greater. As to the absolute value of this tempem-
are, we cannot fix it with certainty. Science not yet haW ig
deteinnined the relation which cNists between molecular li?ing force (vts mva) and the intensity of radiation to a distance.hich last IS the only datum given by observation), we fl,d
oiu,elves m a state of painful uncertainty. Nevertl dess this

smoof vapo' °'
'"""'""'"=" ^" '"'""' -''^'— " "

"Kome, February 11th, 1877."

iliZtf^; ^7t~" ^^ '""^^™S ^i*o«t any prepossession

tr ex sZ ,"'"r^ ""' ''"''• "'"^ ^'- Ca-i^ton, that

tlrt, r'' V'"''''''"
^'''"""' "'^i'- '»«""''' ""d 'heir

m™ eut T r
^'!™'-«"='''««. 'his law does not sufliee toepicseut the observations with the exactitude which they ad-

PanL- of H ;
"^ -T^ '" ""^ "'='='"'"' "^y ealeulation of a

W ,1 • I , T "^"'"a'io"^ of ™'y "nail extent, and oftog period, which the spot, imdergo peri«,ndicular to the^

niiA*i»»«
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parallels. Then the observations are represented with great

precision, from which I conclude that we have to deal witli a

quite simple mechanical phenomenon. The law in question

can be expressed by the formula,

tii=a— 6 sin' X;

to being the angular velocity of a spot at the latitude X, and a

and b being constants, having the same value (a=857'.6 and

6=157'.3) over the whole surface of the sun. These constants

may vary slowly with the time, but I have not studied their

variations.

"Admitting, as we shall see farther on, that the velocity of

a spot is the same as the mean velocity of that zone of the

photosphere in which it is formed, we see

:

" 1. That the contiguous strips of the photosphere are ani-

mated with a velocity of rotation nearly constant for each fila-

ment, at least during a period of several months or years, but

varying with the latitude from one strip to another.

" 2. That these strips move nearly parallel to the equator,

and never give indications of currents constantly directed tow-

ards either pole, as in the upper regions of our atmosphere.

" 3. That the spots are hollow, or at least that the black nu-

cleus is perceptibly depressed in respect to the photosphere.

" The diminution in the rate of superficial rotation, more

tind more marked towards tlie poles, and the absence of all

motion from the equator, can only proceed from the vertical

ascent of materials rising incessantly from a great depth tow-

ards all points of the surface. It is sufficient that this depth

goes on increasing from the equator towards the poles, follow-

ing a law analogous to that of the rotation, in order that it

may produce at the surface a retardation increasing with the

latitude. This retardation is about two days in each rotation

at fort3'-five degrees of latitude. The mass of the sun, being

formed principally of metallic vapoi-s condensable at a certain

temperature, and that temperature being reached at a certain

level in consequence of the exterior cooling, there ought to be

established a double vertical movement of ascending \apors,

which go to form a cloud of condensed matter susceptible of
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intense radiation, and of condensed products which fall back
in the form of rain into the interior. The latter are stopped
at the depth at which they meet a temperature high enough
to vaporize them anew, and afterwards force them to reasce.fd.
As almost the entire mass of the sun partakes of this double
movement, the heat radiated by the cloud will be borrowed
from this mass, and not from a superficial layer, the tempera-
tiire of which would rapidly fall, and which would soon con.
dense into a complete crust. Hence the formation and sup-
port of the photosphere, and the constancy and long duration
ot its radiation, which is also partly fed by the slow contrae-
tion ot the whole mass of the sun.
"The contiguous bands of the photosphere being animated

witli different velocities, there results a multitude of circular
gyratory movements around a vertical axis extending to a
great depth, as in our rivers and in the great upper currents
of our atmosphere. These whirlpools, which tend to equalize
the differences of velocity just spoken of, follow the currents
ot the photosphere in the same way that whirlpools, and the
wliirlwinds, tornadoes, and cyclones of our atmosphere follow
the upper currents in which they originate. Like these, they
are descending, as I have proved (against the meteorologists)
by a special study of these terrestrial phenomena. They carry
down into the depths of the solar mass the cooler materials of
tlie upper layers, formed principally of hydrogen, and thus
produce in their centre a decided extinction of light and heat
as long as the gyratory movement continues. Finally the
hydrogen set free at the base of the whirlpool become^ re-
heated at this great depth, and rises up tumultuously around
tae whirlpool, forming irregular jets which appear above tlie
chromosphere. These jets constitute the protuberances.

Ihe whirlpools of the sun, like those on the earth, are of
all dimensions, from tbf scarcely visible pores to the enormous
spots which we see fr... lime to time. They have, like those
ot the earth, a marked tendency first to increase, and then to
hreak up, and thus form a row of spots extccding alono- the
same parallel. The penumbra is due to a portion of the pliotc

.,upJt»'w-».
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i

sphere whicli forms around their conical surface at a lowei

level, on account of the lowering of the temperature produced

by the whirlpool. Sometimes in this sort of luminous sheath we

see traces of the wliirling movement going on in the interior.

" It is more difficult to account for the periodicity of the

spots. It seems to me tliat it must depend upon fluctuations in

tlie form of the interior layer, to which the condensed matter

of the photosphere falls in the form of rain. This flow of

materials from above must alter, little by little, the velocity

of rotation of this layer. If its compression is changed in the

course of time, and if it becomes rounder, the variations in

the superficial velocity of the photosphere, as well as the gyra-

tory movements, will diminish in intensity and frequency.

"A time will at length arrive when the vertical movements

which feed the photosphere will become more and more hin-

dered. The cooling will then be purely superficial, and the

surface of the sun will liarden into a continuous crust.

"Paris, February, 1877."

Views of Professor Young.—" 1. It seems to me almost dem-

onstrated, as a consequence of the low mean density of the

sun and its great force of gravity, that the central portions of

that body, and, in fact, all but a comparatively thin shell near

the surface, must be in a gaseous condition, and the gases at

so high a temperature as to remain for the most part dissoci-

ated from each other, and incapable of chemical interaction.

Under the influence of the great pressure and high tempera-

ture, however, their density and viscosity are probably such as

to render their mechanical behavior more like that of such

substances as tar or honey than that of air, as we are famil-

iar with it.

" 2. The visible surface of the sun, the photosphere, is com-

posed of clouds formed by the condensation and combination

of such of the solar gases as are cooled sufficiently by their

radiation into space. These clouds are suspended in the mass

of uncondensed gases like the clouds in our own atmosphere,

and probably have, for the most part, the form of approximate-

ly vertical columns, of irregular cross -section, and a length
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many times exceeding tlieii- diameter. The liquid and solid

Cft '''''°'' ""-' "'•'^ ""^' "P ^^'"i «on nuaT^ tt^
P aces be,ng constantly supplied by fresh condensaUor f o ,the ascending currents which rise between the cloud riuZFro^the nnder-surface of the photosphere there must ^2unmense precipitation of what may be called si™ rain a!dsno< which descends into the gaseous core, and by the "nte^nal heat .s re-evaporated, decora^sed, and restored to ts ori'

"

na gaseous condition; the heat lost by the surface radiatSnbeing replaced mainly by the mechanical work due tf hogradual dnninution of the sun's bulk, and thelictenil rf

ISS'o'f 'the' f »<",'"- »^ -ans of detSingme thickness of the photospheric shell, but, from the phenomena of the spote, ndge that it can hai-dly be iZ than *»„thousand miles, and that it may be much mU! " ''"

to tlf; I^ "l'-^
°* ?' clond-shell, and the resistance offeredthe descending products of condensation, act to produce one enclosed gaseous core a constricting pressure, which fl™fc gases upwards through the intervals' betwe n tlie doud^wh great veloc, y; so that jets or blasts of heated ga^ conmnally ascend all over the sun's surface, the same mTterillubsequently redescending in the cloud-cdumns plrtlv concnsed into solid or liquid particles, and partly nd ed'but greatly cooled. It seems also not unlikely thatrthenn

2 part of the channels through which the aseendi i^ o„ rel™., there may often occur the mixture of diffemnt Ze^ooled by expansion to temperatui-es sufliciently below thed.ss„c,at,o„ point to allow of their explosive coinbinatt
^

-ases whth
'*''°7^P^,'<"'<'';^ «'nply "le layer of nncondensed

lUv nl d « r ''x"'"
f^o'^'P^'^'O' though separated from

sin's elw- ! ^P""^ ^"'^ SHses which enter into the

enseiTdT"""
^'" "' " '""»P'"-''tively small height the

itln
'

,'T'r'"' S^^^^ disappear, leaving inihe „p

"lamlj „, the absorption produced by the denser gases which
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bathe the photospheric clouds, and these metallic vapors are

only occasionally carried into the upper regions by ascending

jets of unusual violence. When this occurs, it is almost in-

variably in connection with a solar spot. The prominences

are merely heated masses of the hydrogen and other chrome-

spheric gases, carried to a considerable height by the ascend-

ing currents, and apparently floating in the * coronal atmos-

phere,' which interpenetrates and overtops the chromosphere.

" 5. I do not know what to make of the corona. Its spec-

trum proves that a considerable portion of its light comes

from some exceedingly rare form of gaseous matter, which

cannot be identified with anything known to terrestrial chem-

istry ; and this gas, whatever it may be, exists at a height of

not less than a million of miles above the solar surface, con-

Btituting the ' coronal atmosphere.' Another portion of its

light appears to be simply reflected sunshine. But by what

forces the peculiar radiated structure of the corona is deter-

mined, I have no definite idea. The analogies of comets' tails

and auroral streamers both appear suggestive ; but, on the other

hand, the spectra of the corona, the aurora borealis, the com-

ets, and the nebulae are all different—no two in the least alike.

" 6. As to sun-spots, there can be no longer any doubt, I

think, that they are cavities in the upper surface of the photo-

sphere, and that their darkness is due simply to the absorbing

action of the gases and vapors which fill them. It is also cer-

tain that very commonly, if not invariably, there is a violent

uprush of hydrogen and metallic vapors all around the outer

edge of the penumbra, and a considerable depression of the

chromosphere over the centre of the spot
;
probably, also, there

is a descending current through its centre. As to the cause

of the spots, and the interpretation of their telescopic details,

I am unsatisfied. The theory of Faye appears to me, on the

whole, the most reasonable of all that have yet been proposed;

but I cannot reconcile it with the want of systematic rotation

in the spots, or their peculiar forms. Still, it undoubtedly has

important elements of truth, and may perhaps be modified so

as to meet these diflSculties. As to the periodicity of the spots,
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r am unable to think it dno in any way to planetary action-easMhe ev.denee appear to me wholly i.fsufHoien'^ L

™
,'

b„t I have no hypothesis to offer. Nor have I any theory topropose to aeeonnt for the certain connection between disto-^.nces of he solar surface and of terrestrial magnetism
7_ As to the temperatnre of the sun's surface, I have no^..Icd opmion, except that I think it must be n uel Wherthan that of the carbon points in the electric light. TheSmatea of those who base their calculations on Newton's l!w!fcoohng which is confessedly a me:^ appro.imalion seem tome manifestly wrong and exaggerated ; on the other 1 ^'.d"htvery low estimates of the French physicists, who ba^ theircalcnlafons on the equation of Dulong and Petirseerto1hardly more trustworthy, since thei,- whole re ult depends

UFn the accuracy of a numerical exponent determined bvexpernnent at low temperatm-es and under circun.sta c^ d^er'mg widely from those of the sun's surface. The p^^ss fe anmmfe extrapolation. The sensible constancy S,e ^rdat,on seems to be fairly accounted for on the hypotSsot simv contraction of the sun's diameter.
'W"»esi8

"8. I look npon the accelerated motion of the sun's eouator^Ihe most important of the unexplained facts in s, lar X"
Sit th™

1'!"'"^1 *'' "^ '""^''"""y ^'''^-dation wm cany

buch n brief, are my 'opinions;' but many of them I

ml St ' ^f*"""
""" '-"-'y.-nd anxiously awaitmoic hght, especially as .-egards the theory of the snn's rota

me corona. The only peculiarity in my views lies, I think

PKidi cts of condensation, which I conceive to form virtuallf
« ort "f constricting skin, producing pi^su.^ upon Ihe fs

r luc enciosea air. lo the pressure thus Drodnrprl T

"Daitmouth College, March, 1877."

11
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Views of Professor Langley.—"It seems to nie that wo have

now evidence on which to pass final adverse judgment on

views which regard the photosphere as an incande sclent liquid,

or the spots as analogous either to scoriae matter, on tlie one

hand, or to clouds above the luminous surface, on the other.

According to direct telescopic evidence, the photosphere is

purely vaporous, and I consider these upper vapors to be

lighter than the thinnest cirri of our own sky. The obser-

vation of faculas allies them and the whole ' granular ' cloud

structure of the surface most intimately with chromospheric

forms, seen by the spectroscope, and associates both witii the

idea of an everywhere-acting system of currents which trans-

mit the internal heat, generated by condensation, to the sur-

face, and take back the cold, absorbent matter. This vertical

circulation goes to a depth, I think, sensible even by compari-

son with the solar diameter. It coexists with approximately

horizontal movements observed in what may be called the

successive upper photospheric strata in the vicinity of spots.

The spots give evidence of cyclonic action such as could only

occur in a fluid. Their darkness is due to the presence, in

unusual depth, of the same obscuring atmosphere which forms

the gray medium in which the luminous photospheric forms

seem suspended, and which we here look through, where it

fills openings in the photospheric stratum, down to regions

of the solar interior made visible by the dim light of clouds

of luminous vapor, precipitated in lower strata where the dew-

point has been altered by changed conditions of temperature

and pressure. All observation and all legitimate inference

go to show that the sun is gaseous throughout its mass, though

by this it is not meant to deny the probable precipitation of

cooling photospheric vapors in something analogous to lain

;

a condition perhaps necessary to the maintenance of the equi-

librium of the interchange of cold and heated matter between

exterior and interior ; nor is it meant that the conditions of a

perfect fluid are to be expected, where these are essentially

modified (if by no other cause) by the viscosity due to extremo

beat. The temperature of the sun is, in my view, necessarily

:i
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much greater than that assigned by the numerous physicists,
who maintain it to^bo comparable with that obtainable in the
laboratoiy furnace; but we cannot confidently assign any up-
|)or limit to it until physics has advanced beyond Its i)icsent
merely empirical rules connecting emission and temperature;
f(.r this, and not the lack of accurate data from physical
sstronomy, is the source of nearly all the obscurity now at-

Fio. 72—Solar spot, after Langley.

tending this important question. No tlieory of the solar con.
stitntion which is free from some objection has yet been pro-
posed

;
but if the master-key to the diverse problems it pre-

^onts has not been found, it is still true, I think, that the one
which unlocks most is that of M. Faye.
''Of the potential energy of the sun, we may say that we

believe it to be sufficient for a supply of the present heat dur-
>ng periods to be counted bv millions of y^avs But wha* inj.'^20

hi?;'!''!

ll#i!lt!i
1

1
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metliately concerns \w is the constancy of tlio rate of convor

sion of tliis potential into actnal radiant encrij;y, as wo receive

it, for on this depends the nnifonnity of the conditions under

whicli we exist. Now, this .niiformity in turn depends on

the equality of the above-mentioned interchanges betweer. the

solar surface and the interior, an equality of whoso constancy

we know nothing save by limited experience. The most im-

portant statement with reference to the sun, perhaps, Mhich

we can make with certainty is oven a negative one. It is

that we have no other than empirical grounds, in the present

state of knowledge, for believing in the nnifonnity of the

solar radiation in prehistoric periods and in the future.

" The above remarks, limited as they are, appear to me to

cover nearly all the points as to the sun's physical constitu-

tion (outside of the positive testimony of the spectroscope) on

which we are entitled to fpes.k with confidence, even at the

present time."

,
i i

;
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CHAPTER III.

THE INNER GIIOUP OP PLANET8.

§ 1. T/ie Planet Mercury.

Mkrcury is tho nearest known planet to tlio sun, and the
3mallest of the e,glu laj-o-e planets, ii^ mean distance from
tiic Sim 18 40 millions of
miles, and its diameter about o^?^^^'^'^"^'"''

one-third that of the earth.

It was well known to the an- / V^^^^-^^^^^^-J
cicnts, being visible to the / /^>^*—^*
nuked eje at favorable times, / / / „, k,
if the observer ia not in too

(
/ / ^/^^

liigh a latitude. The central 1 1 I l"''''*--r~-WiSr'
and northern regions of Eu-
rope are so unfavorably sit-

uated for seeing it that it is

said Copernicus died without
ever having been able to ob- -
tain a view of it. TJio rliffi

^^?'
I^Z^^^^}"^

"' ^^^ '*'"' '""" P'nncts. n-
/' V"

J-Jie aim- lustmtlngtheecceutrlcitjoftlaoseofMercn-
culty ot seeing it arises from ''^ ""'' ^""•

its proxiinity to the sun, as it seldom sets more than an hour
an.l a half after the sun, or rises more than that length of
ti.no before It. Hence, when the evening is sufficiently ad-
vanced to allow it to be seen, it is commonly so near the hori-
^jn as to be lost in the vapors which are seen in that direction.
^t.l by watching for favorable moments, it can be seen sev-

si! V^'
tj'G course of the year in any part of the United

states. The following are favorable times for seeing it after
sunset: °

^^^^ Febiunry ir)th, June 1 2th, October 8th.
^^^'•* Jnniiary 29th, May 25th, September 17th.
^^^^ January 13th, May 7tb, August 2yth,December 28th.
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The correspording times in subsequent, years may be found

by subtracting 18 days from the dates for each year; that is,

they will occur 18 days earlier in 1891 than in 1890 ; 18 days

earlier in 1802 than in 1891, and so on. It is not necessary

to look on the exact days we have gi -'en, as the planet is gen-

erally visible for fifteen or twenty days at i time. Each date

given is about the middle of the period of visibility, which ex

tends a week or ten days on each side. The best time for look-

ing is in the evening twilight, about three-quarters of an hour

after sunset, the spring is in this respect much more favorable

than autumn.

Aspect of Mercury.—Mercury shines with a brilliant white

light, brighter than that of any fixed star, except, perhaps,

Sirius. It does not seem so bright as Sirius, because it can

never be seen at night except very near the horizon. Owing
to the great eccentricity of its orbit and the great variations of

its distance from the earth, its brilliancy varies considerably

;

but the favorable times we have indicated are near those of

greatest brightness.

Viewed with a telescope under favorable conditions, Mer-

cury is seen to have phases like the moon. When beyond the

sun, it seeii.s round and small, being only about 5" in diame-

ter. When seen to one side of the sun, near its greatest ap-

parent angular distance, it appears like a half-moon. When
nearly between the sun and earth, its diaineto- is between 10"

and 12", but only ? thin crescent is visible. The manner in

which these variou3 phases are connected with the position of

the planet relative to the earth and sun is the same as in tlic

case of Venus, and will be shown in the next section.

notation, Figure, Atmosphere, etc.—About the beginning of

the! present century Schroter, the celebrated astronomer of

Lilienthal, who made the tele^^copic study of the planets a

speciality, thought that at times, when Mercury presented the

aspect of a crescent, the south horn of this crescent seemed

blunted at certain intervals. He attributed this appearance to

the shadow of a lofty mountain, and by observing the times

of its return was led to the conclusion that the planet revohcd
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on Its axis in 24 honi-s 5 minutes. He also estimated the
height of tlie mountain at twelve miles. But the more power-
ful instruments of modern times have not confirmed these
conclusions, and they are now considered as quite doubtful, if
not entirely void of foundation. That is, we must regard the
time of rotation of Mercury on its axis, and, of course, the
position of that axis, as not known with certainty, but as per-
]:ups very nearly 24 hours.

The supposed atmosphere of Mei-cury, the deviation of its
body from a spherical form, and many other phenomena
which observers liave described, must be received witli the
same scepticism. No deviation from a spherical form can be
considered as proved, the discordance of the measures showing
that the supposed deviations are really due to errors of obse^
vation. So, also, the appearances which many observers have
attributed to an atilosT^here are all to be i-egarded as optical
illusions, or as due to the imperfections of the telescope made
use of. From measures of its light at various phases Zullner
has been led to the conclusion that Mercury, like our moon,
is devoid of any atmosphere sufficiently dense to reflect the
light of the sun. If this doubt and uncertainty seems surpris-
ing, it must be remembered that the nearness of this planet to
the sun renders it a very difficult object to observe with accu-
racy. We must look at it either in the daytime, when the air
is disturbed by the sun's rays, or in the early evening, when the
planet is very near the horizon, and therefore in an unfavorable
situation.

Transiis o/J/ercwr^.—Transits of this planet across the face
of the sun are much more frequent than those of Yenus, the
average interval between successive transits being less than ten
years, and the longest interval thirteen years. These transits
are always looked upon with great interest by astronomers, on
account of the questions to which they have given rise. From
the earliest ages in which it was known that Mercury moved
around the sun, it was evident that it must sometimes pass b€<
twecn the earth and the sun ; but its diameter is too small to
admit of its being seen in this position with the naked eye.
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The first actual observation of Mercury projected on the face

of the sun was made by Gassendi, on November 7th, 1G31,

Ilis mode of observation was that already described for viewini;

the solar spots, the image of the sun being thrown on a screen

by means of a small telescope. He came near missing his ob-

servation, owing to his having expected that the planet would

look much large v than it did. The imperfect telescopes of

that time surrounded every brilliant object with a band of

diffused light which greatly increased its apparent ma<:rni-

tude, so that Gassendi had no idea how small the planet really

was.

Gassendi's observation was hardly accurate enough to be of

any scientific value at the present time. It was not till 1677

that a really good observation was made. Hal ley, of England,

in that year was on the island of St. Helena, and, being pro-

vided with superior instruments, was fortunate enough to make

a complete observation of a transit of Mercury over the sun

whicli occurred on November 7th. We have already men-

tioned the great accuracy which he attributed to his observa-

tion, and the phenomenon of the black drop which he was the

first to see.

The following are the dates at whicli transits of Mercury

will occur during the next 50 years, with tlie AVabliiiigton

times of mid-transit. The first 5 transits will be visible in

whole or in part in the Atlantic and Mississippi States.

1891, MnyOth, 9h. 12 m. p.m.

1894, Nov. 10th, 1 h. 28 m. p.m.

1907, Nov. 14tli, 1h. Om. a.m.

1914, Nov. 7tli, 6 h. 58 m. a.m.

1924, May 7th, 8 h. 26 m. p.m.

1927, Nov. 10th, h. 37 m. a.m.

§ 2. The Supposed Intra-Mercurial Planets.

At the present time the greatest interest which attaches to

transits of Mercury arises from the conclusion which Levor<

rier has drawn from a profound comparison of transits ob

served before 1848 with the motion of Mercury as determined

fi-om the theory of gravitation. This comparison indicates.

according to Leverrier, that the perihelion of Mercury moves

more rapidly by 40" a century than it ought to from the grav-
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itation of all the known planets of the system. He accounted
fur this motion by supposing a group of small planets between
Mercury and the sun, and the question whether such planets
exist, therefore, becomes important.

Apparent support to Leverrier's theory is given by the fact
that various observers have within the past century recorded
die passage over the disk of the sun of dark bodies which had
die appeai-ance of planets, and which went over too rapidly or
disappeared too suddenly to be spots. But when we examine
tliese observations, we find that the^- are not entitled to the
slightest coniidence. There is a large class of recorded as-
tronomical phenomena M'hicli are seen only by unskilful ob-
servers, with imperfect instruments, or under unfavorable cir-
ciinistances. The fact that they are not seen bj practised ob-
servers with good instruments is sufficient proof that there is
something wrong about them. Now, the observations of in-
tra-Mercurial planets belong to this class. Wolf has collected
nineteen observations of unusual appearances on the sun ex-
tending from 1761 to 1865, but, with two or three exceptions,
the observers are almost unknown as astronomers. In at least
one of these cases the observer did not profess to have seen
anytliing like a planet, but only a cloud-like appearance. On
tlie other hand, for fifty years past the sun has been constant-
ly and assiduously observed by such men as Schwabe, Carring-
ton, Secchi, and Spoerer, none of whom have ever recorded
anything of the sort. That planets in such numbers should
pass over the solar disk, and be seen by amateur observers,
and yet escape all these skilled astronomers, is beyond all
moial probability.

In estimating this probability we must remember that a
real planet appearing on the sun would be far more likely to
be recognized by a practised than by an unpractised observer,
much as a new species of plant or animal is more likely to be
recognized by a naturalist than by one who is not such. One
not accustomed to the close study of the solar spots might
have some difKculty in distinguishing "an unusually round spot
"•cm a planet. lie is also liable to be deceived in various
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ways.* For instaiicc, the sun, by his apparent diurnal motion,

presents different parts of the edge of his disk to the liori-

Kon in the course of a day ; he seems, in fact, in the north-

ern hemisphere to turn round in the same direction with the

hands of a watch. Hence, if a spot is seen near the edge of

his disk it will seem to be in motion, though really at rest

On the other liand, should an experienced observer see a planet

projected on the sun's face, he could hardly fail to recognize it

in a moment ; and should any possible doubt exist, it would be

removed by a very brief scrutiny.

Tlie strongest argument against these appearances being

planets is, that the transit of a planet in such a position could

not be a rare phenomenon, but would necessarily repeat itself

at certain intervals, depending on its distance from the sun

and the inclination of its orbit. For instance, supposing ;vn

inclination of 10°, which is greater than that of any of the

principal planets, and a distance from the sun one-half that

of Mercury, the planet would pass over the face of the sun,

on the average, about once a year, and its successive transits

would occur either very near the same day of the year, or on

a certain day of the opposite season. The supposed transits

to which we have referred occur at all seasons, and if we sup-

pose them real, we must suppose, as a logical consequence,

that the transits of these several planets are repeated many

times a year, and yet constantly elude the scrutiny of all good

observers, though occasionally seen by unskilled ones. This i-

a sufficient redudio ad ahsurduni of the theory of their reality.

It is therefore certain that if the motion of the perihelion

of Mercury is due to a group of planets, they are each so small

as to be invisible in transit across the sun. It is, however, po3-

* Some renders may recall Butler's sarcastic poem of the "Elephant in tlie

Moon," as illustrative of the possibility of an observer being deceived by some pe-

culiarity of his telescope. In one instance, about thirty years since, a telescopic

observation of something which we now know must have been flights of distant

birds over the disk of the sun was recorded, and published in one of the leading

astronomical journals, as a wonderful transit of meteors. The publication was

probably not seriously intended, the description being a close parallel to that of

the satirical poet. See Astronomische Nachrichten, No. .^49.
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sible that tliey miglit be seen during total eclipses, either in-
dividually as small stars, or in the aggregate as a cloud-like
mass of light. During the total eclipse of July 29th 1878
Professor J. C. Watson observed two objects which he consid-
ered to be such planets, but there was a known star in the
neighborhood of each object, and it is considered by some as-
tronomers that his observations may have been really made on
these stars. It is certain that even if the objects see by Pro-
fessor Watson are intramercurial planets, they are too small
to influence the motion of Mercury. A mass three or four
times that of the latter planet is required to produce the ob-
served effect. The smaller we suppose the bodies the more
numerous they must be, and since telescopic observations seem
to show that most of them must be below the sixth mao-ni-
tude, their number must be counted by thousands, and prob-
ably tens of thousands. Now, the zodiacal light must arise
from matter revolving around the sun, and the question arises
whether this matter can be that of which we are in search
One difficulty is, that unless we syppose the hypothetical group
ot planetoids to move nearly in the plane of the orbit of Mer-
ciiiy, they must change the node of that planet as well as its
perihelion. But no motion of the node above that due to the
action of the known planets has been found. We thus reach
tlie enforced conclusion that if the motion of the perihelion is
due to the cause assigned by Leverrier, the planetoids which
cause It must, in the mean, move in nearly the same plane
with Mercury. The strongest argument against the existence
ot inti-a-mercurial planets is tliat they wei-e carefully searched
for by experienced obserNcrs, during the total eclipses of 188'^
and 1883, without being found.

§ 3. The Planet Venus.

The planet Venus is veiy nearly the size of the earth, its di-
^ncter being only about 300 miles less than that of our globe.
iNext to the sun and moon, it is the most brilliant object in
the heavens, sometimes casting a very distinct shadow It
never recedes mare than about 45° from the sun, and is. there-

\ ill]

^.)\\

•

I *'

\
'



4
l\mkin

\:\

m
1

«

: i'l IH
'" ^'f

|H

'Si II.,"=
'ill

296 THE SOLAR SYSTEM.

fore, seen by night only in the western sky in the evening, o!

the eastern sky hi the morning, according as it is east or west

of the sun. There is, therefore, seldom any difficulty iu rcc-

ognizing it. When at its greatest brilliancy, it can be clearly

seen by the naked eye in the daytime, provided that one knowa

exactly where to look for it. It was known to the ancients by

tlie names of Hesperus and Phosphorus,. ov the evening and

the morning star, the former name being given when tlie

planet, being east of the sun, was seen in the evening after

sunset, and the latter when, being to the west of the sun, it

was seen in the east befoi-e sunrise. It is said that before the

birth of exact astronomy Hesperus and Phosphorus were sup-

posed to be two different bodies, and that it was not until

their motions were studied, and the one was seen to emerge

fi-om the sun's rays soon after the other was lost in them, that

their identity was established.

Aspeet of Venus.—To the unaided eye Venus pi'esents the

appearance of a mere star, distinguishable from other stars

only by its intense brilliancy. But when Galileo extunined

this planet with his telescope, he found it to exhibit phases

like those of the moon. Desiring to take time to assiu-c him-

self of the reality of his discovery, without danger of losing

his claim to pi-iority through some one else in the mean time

making it independently, he published the following anagram,

in which it was concealed :

"Ilfcc immatura a me jam fnistra leguntur o. y."

(These unripe things ave now vainly gatliered by me).

By transposing the letters of this sentence ho afterwards

showed that they could be made into the sentence,

"Cynthia; figuras aamulatur mater amorum."

(Tiie raotlier of the loves imitates the phases of Cynthia).

That the disk of Venus was not round was first noticed by

Galileo in September, 1610. A computation of its position

at that time shows that it must have been a little gil'bous,

more than half of its face being illuminated; but after a
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few months it d.anpd into a crescent. Therefore Galileo
could not have found it necessary to wait loni. before ex,>lain,mg his anagram. ^

Tlie variations of the aspect and apparent magnitude ofonus are very great. When beyond the sun, it i^ at a dis
t.nco of 60 nn hons of nnles, and presents the appearance
of a small round disk 10" in diameter. When neL-cst the
earth, ,t . only 25 millions of miles distant; and if itr.ho
face were visdile, it would be more than 60" in diameter.

C
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P.o,74.-Phase9 of Vemis, showing apparent ligure and magnitude of the bright and darkportions of the planet iu various points of its orbit.

But, being then on the same side of the sun with us, its dark
ien.i.p]iere is turned towards us, except, perhaps, an extreme-

thiu crescent of the illuminated hemisphere. Between
tljese two positions it goes through all the intenriediate
phases, tJie universal rule of which is that the nearer it is
to tlie earth, the smaller the proportion of its apparent disk
winch IS Illuminated

;
but the larger that disk would appear

Id tlie whole of it be seen. Its greatest brilliancy occur.
|ietwee.i the time of its greatest elongation from the sun and
its interior conjunction.

fvposcd notation of Venus.-Hho earlier telescopists iiatu^
ally scrutinized the planets very carefully, with a view of hnd-
n|g ^vliethcr there were any inequalities or markings on their
rtaces from which the time of rotation on their axes could •

^e d,,ennined. In April, 1667, Cassini sa.v, or thought he
'^.;H br.^ht spot on Venus, by tracing which for several suc<
cessive evenings he found that the planet revolved in between
-'^ *nd .i Hours. Sixty years later I31auchini, an Italian a^

''«
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tronomer, whose telescope is shown on page 112, supposctl tliut

he found seven spots on the phmet, Avhich he considered to bo

seas. By watching them from night to night, he conchidod

that it required more than 24 days for Venus to revolve on

its axis. This extraordinary result was criticised by the sec-

ond Casslni, who showed that Blanchini, only seeing the plan-

et a short time each evening, and finding the spots night after

night in nearly the same position, concluded that it had moved

very little from night to night; whereas, in fact, it had made

a complete revolution, and a little more. At the end of 24

days it v;ould be seen in its original position, but would liave

made 25 revolutions in the mean time, instead of one only, as

Blanchini supposed. Tliis would make the time of rotation

23 hours 2^ minutes, while Cassini found 23 hours 15 minutet;

from his father's observations.

Between 1788 and 1793 Schroter applied to Venus a mode

of observation similar to that he used to find the rotation of

Mercury. Watching the sharp horns when the planet appear-

ed as a crescent, he thought that one of them was blunted at

certain intei'vals. Attributing this appearance to a high moun-

tain, as iii the case of Mercury, he found a time of rotation

of 23 hours 21 minutes.

On the other hand, Hei-schel was never able to see any per-

manent markings on Venus. He thought he saw occasional

spots, but they varied so much and disappeared so rapidly that

he could not gather any evidence of the rotation of the plan-

et, lie therefore supposed that Venus was surrounded by an

atmosphere, and that whatever markings might be occasional-

ly seen were due to clouds or other varying atmospheric phe-

nomena.

In 1842, De Vico, of Rome, came to the rescue of tic "Ider

astronomers by publishing a series of observations tendiijgto

show that he had rediscovered the markings found by V>h\\-

chini more than a century before. He deduced for the time

of rotation of the planet 23 hours 21 minutes 22 secoiul-.

The best-informed astronomers of the present day loolv wit!)

suspicion on nearly all these observations, being disposed to

k
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3U8ta.n the view of Ilersd.ol, tl.ougl, on grounds entirely dif
fercnt from those on whicli he founded it. It is certain that
there are plenty of observers of tiie present day, with instru-
inoMts much better than those of their predecessoi-s, who have
!iever been able to see any permanent spots. The close agree-
ment between the times of rotation found by the olde? ob-
servers is indeed striking, and might seem to render it certain
tliat they must have seen spots which lasted several days It
.im>t also be admitted in favor of these observers that a fine
Bteudy atmosphere is as necessary for such observations as a
fane telescope, and it is possible that in this respect the Italian
astronomers may be better situated than those farther north
I^ut the circumstance that the deduced times of rotation in'
tiie cases both of Mercury and Venus differ so little from that
ot tiie earth is somewhat suspicious, because if the ai,pearanco
were due to any optical illusion, or imperfection of the tele-
soope, It might repeat itself several days in succession, and
Inis give rise to the belief that the time of rotation was near-

ly one day. The case is one on which it is not at present pos-
sible to pronounce an authoritative decision; but the balance
ot probabilities is largely in favor of the view that the rota-
tation of Yenns on its axis has never been seen or determined
I^J any of the astronomers who have made this planet an ob-
ject of study.*

Atmosphere of Venus.~T\m ai,pearance of Venus when near-
;etween us and the sun affords very strong evidence of the

^-xistence of an atmosphere. The limb of th.e planet farthest
lom the sun is then seen to be illuminated, so that it appeai-s
s a complete circle of light. If only half the globe of the

planet were illuminated by the sun, this appearance could
never present itself, as it is impossible for an observer to see
moie than half of a large sphere at one view. There is no

e ot \). Vogel at Bothknmp, in Part II. of the "Bothkamp Ohservationo

-

;W^.«, Kngelmann, 1873). The result to which these obsenZn? Snt that

I ane. can not be seen, and no time of rotation can be determined.

\
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known way in which the sun can ilhnninate so much mora

than tlio lialf of Voniis as to permit a complete circle of light

to be seen except by the refraction of an atmosphere.

The appearance to which we alliule was iirst noticed by

David Ilittenliouse, of riiiladelphia, while observini,' the tran-

flit of Venus on Juno od, 1709. When Venus had entered

about half-way upon the sun's disk, so as to cut out a notch of

the form of a half-circle, that pai't of the edge of the i)laiiet

which was off the disk appeared illuminated so that the out-

line of the entire planet could be seen. Though this api)uar-

ance was confirmed by other observers, it seems to have ex-

cited no attention. But it was found by Miidlcr in 1849 that

when Venus was near inferior conjunction, the visible crescent

extended throu<2;li more than a half-circle. This showed that

more than half the globe of Venus was illuminated by the

Bun, and Miidler, computing the refractive power of the atmos-

phere which would be necessary to produce this effect, found

tliat it would exceed that of our own atmosphere ; the hori-

zontal refraction being 44', whereas on the earth it is only

34'. He therefore concluded that Venus was surrounded hy

an atmosphere a little more dense than that of the earth.

Tlic next important observation of the kind was made by

Professor C. S. Lyman, of Yale College. In December, 186G,

Ycnus was very near her node at inferior conjunction, and

l)assed unusually near the line drawn from the earth to the

sun. Examining the minute crescent of the planet with a

moderate-sized telescope, he found that he could see the entire

circle of the planet's disk, an exceedingly tliin thread of light

beinc: stretched round the side farthest from the sun. !^o far

as known, this was the first time that the whole circle oi \ enus

iiad been seen in this way since the time of Rittenhouse. It

Is remarkable that both observations should have been made

by isolated observers in America.

Notwithstanding the concurrent testimony of Rittenhoiise,

Miidler, and Lyman, the bearing of their observations on what

was to be expected during the transit of Venus in Dcceiiibcr,

1S74, was entirely overlooked. Accordingly, many of the ob-
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servers wore quite taken by eurpriso to find that wl.on Venus
was partly on and partly q^ the sun, the outlino of that part
of her disk outside the sun could bo distin<,niished by a deli-
cate line of light extending around it. In some eases the
time of internal contact at egress of the planet was nn'ssed,
through the observer mistaking this line of light for the limb
of the sini.

That so few of the observers saw this line of li<dit during
the transit of 17G9 is to be attributed to the low Tdtittido of
the planet at most of the stations, and to the imperfect char-
acter of many of the instruments used. It is also to be re-
marked that the observers of that time had an erroneous no-
tiou of the appearance which would be presented by an atmos-
phere of Venus. It was supposed that the atmosphere would
give the planet a nebulous border when on the sun, caused l)y
tlie partial absorption of the light in passing through it. Cap.
tain Cook, at Otaheite, made separate observations of the
contacts of the supposed atmosphere and of the planet with
the hmb of the sun. In fact, liowevei-, it would not be possi-
ble to see any indications of an atmosphere under such cir-
cniristances, for the reason that the light passing through its
denser portions would be refracted entirely out'of its course,
so as not to reach an observer on the earth at all.

The spectroscope shows no indication that the atmosphere
of Venus exerts any considerable selective absorption upon
tiio light which passes through it. N"o new and well-marked
spectral lines are found in the light reflected from the planet
iiorhas the spectrum been certainly found to differ from the
regular solar spectrum, except, perhaps, that some of the lines
are a little stronger. This would indicate that the atmosphere
m (picstion does not differ in any remarkable degree from our
own, or, at least, does not contain gases which exert a power-
tul selective absorption on light.

Supposed Visibility of the Dark Hemisphere of T'e/ai.?.—Many
astronomers of high repute have seen the dark hemisphere of
Venus slightly illuminated, the planet presenth.g the appear-
ance known as " the old moon in the new moon's arms," which

0^1
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may bo ecen on any clear evening three or four days after tlio

ehaii<ro of tho moon. It is well known that in tiie case of

tho moon her dark hcmispliere is thus rendered visible by the

light retleeted from tho earth, lint in tho ease of Venus,

there is no earth or other body large enough to shed so much

light on tho dark hemisphere as to make it visible. There

being no sufficient external source of light, it has been attrib-

uted to a phosphorescence of the surface of the planet. If

tlie phosphorescence were always visible under favorable cir-

cumstances, there would bo no serious diflicuky in accejitiiii,'

tliis explanation. But, being only rarely seen, it is hard to

conceive how any merely occasional cause could act all at

once over the surface of a planet the size of our globe, so as

to make it shine. Indeed, one circumstance nuikes it ex-

tremely difficult to avoid the conclusion that the whole ap-

pearance is due to some unexplained optical illusion. The

appearance is nearly always seen in tho daytime or durin;,'

bright twilight—rarely or never after dark. But such an il-

lumination would be far more easily seen by night than hy

day, because during the day an appearance easily seen at

night might be effaced by the light of the sky. If^ then, the

phenomenon is real, why is it not seen when the circumstances

are such that it should be most conspicuously visible ? This

is a question to which no satisfactory answer has been givtMi,

and until it is answered we are justified in considering the ap-

pearance to be purely optical.

Supjiosed Satellite of Venus.—No better illustration of the er-

rors to which observations with imperfect instruments arc lia-

ble can be given than the supposed observations of a satellite

of Venus, made when the telescope was still in its infancy.

In 1072, and again in 1686, Cassini saw a faint object near

Venus which exhibited a phase similar to that of the planet.

But he never saw it except on these two occasions. A similar

object was reported by Short, of England, as seen by him on

October 23d, 1740. The diameter of the object was a third

of that of Venus, and it exhibited a similar phase. Several

other observers saw the same thing between 1760 and ITCi
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0..0 asfmno.nor wont so far as t., (....npnto an orMt from all
the observations; but it was anorbit in wbidi no Huteliito of
V onus could possibly revolve unless the n.ass of the planet were
ten tnnes as ^M-eat as it really is. A century has now elapsed
u-ith.mt the satellite having been seen, and the fact that dur-
ni- this century the planet has been scrutinized with better
tt.lcs(.,pes than any which were used in the observations re-
ferred to affords abundant proof that the object was entirely
mythical. "^

How the observers who thought they saw the object could
have been so deceived it is impossible, at this distance ot
tunc, to say with certainty. Had they been inexperienced,
we could say with some confidence that they wei-e misled by
the false images produced to some extent in every telescope
by the light reflected from the cornea of the eye a-ainst the
nearest surface of the eye-piece, and thence back again into
the eye. Snnilar images are sometimes produced by the re-
fection of light between the surfaces of the various lenses of
the eye -piece. They are well known to astronomers under
the name of "ghosts;" and one of the flrst things a youno- ob-
server must learn is to distinguish them from real objects.
Ihcy may also arise from a slight maladjustment of the lenses
of the eye-piece, and if, proceeding from this cause, they are
i;ro( need only when the actual object is in the centre of the
tiekl, they may, for the moment, deceive the most experienced
observer."- If, in an ordinary achromatic telescope, in which
tlie Ulterior curvatures of the lenses are the same, the latter
'ire not exactly at the same distance all the way round, a ghost
vvill he seen along-side of every bright object in all positions.
it is probable that all the observations alluded to were the re-

^11
ts of some sort of derangements in the telescope, producing

talsc images by reflection from the glasses.

Ill

One of the eye-pieces of the great Washington telescope shows a beautiful

Zlr ;"" ^''^"^'^'^'^ "'« I''""«^ Uranus or Neptune when the image of the
FHanet .s l,n,ught exactly in the centre of the field of view, but it disappears as•oon as the telescope is moved. The writer was deceived by this appearance on•»o uccasions while scrutinizing these planets for close satellites

21
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§ 4. The Earth.

Our earth is the third planet in the order of distance from

the sun, and slightly the largest of the inner group of four.

Its mean distance from the sun is about 92f millions of miles;

but it is a million and a half less than this mean on January

1st of every year, and as much greater on July 1st. That

is, its actual distance varies from 91 to 94 millions of miles.

As already remarked, these numbers are uncertain by several

hundred thousand miles.

Much of what we may call the astronomy of the earth-

such as its figure and mass, the length of the year, the obliq-

uity of the ecliptic, the causes of the changes in the seasons

and in the length of the days—has already been treated in

the chapter on gravitation, so that we have little of a purely

astronomical character to add here. The features of its sur-

face and the phenomena of its atmosphere belong rather to

geography and meteorology than to astronomy. But its consti-

tution gives rise to several questions in the treatment of which

astronomical considerations come into play. Prominent among

these is that of the state of the great interior mass of our

globe, whether solid or liquid. It is well known that wher-

ever we descend into the solid portions of the earth, wo iind a

rise in temperature, going on uniformly with the depth, at a

rate which nowhere differs greatly fro'.n 1° Fahrenheit in 50

feet. This rise of temperature has no connection with the

sea-level, but is found at all points of the surface, no matter

how elevated they may be. Wherever a difference of temper-

ature like this exists, there is necessarily a constant transfer of

heat from the warmer to the cooler strata by conduction. In

this way, the inequality would soon disappear by the war'.uer

strata cooling off, if there were not a constant supply of heat

inside the earth. The rise of temperature, therefore, cannot

be something merely superficial, but must continue to a great

depth. If we trace to past times the conditions which must

have existed in order that the increase might show itself at the

present time, we shall find it almost certain that, a thousani]
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years ago, tlie whole earth was red-hot at a distance of ten or
fifteen miles below its surface ; because otherwise its interior
could not have furnished the supply of heat which now causes
the jbserved increase. This being the case, it is probably red-
hot still, since it would be absurd to expect a state of things
like this to be merely temporary. In a Avord, avc have every
reason to believe that the increase of say 100° a mile contin-
lies many miles into the interior of the earth. Then we shall
have a red heat at a distance of 12 miles, while, at the
depth of 100 miles, the temperature will be so high as to
melt most of the materials which form the solid crust of the
globe.

We are thus led to the theory, very generally received by
geologists, that the earth is really a sphere of molten matter
surrounded by a comparatively thin solid crust, on which we
live. This crust floats, as it were, on the molten interior. It
must be confessed that geological facts are, on the whole, fa-
vorable to this view. Observations on the pendulum have
been supposed to show that the specific

gravity of the earth under the great
mountain chains is generally less than in

the adjoining plains, which is exactly the
result that would flow from the theory.

Tlie heavier masses, pressing upon the in-

terior fluid, would tend to elevate the sur-

rounding lighter masses, and when the two ^yo.-^^^^su^^^^^xn,),^^,,

were in equilibrium, the latter would be
"f^he eanhsciust accord-

ii 1 • 1 n .' Ill n -iig to the geological Uieo-
tUe hlgllCr, as a floating block of pine ry of a molten interior.

wood will rise higher out of the water '^^^ 'l'"M' "'!?^'' "'

., 11 1 r , -r,

>vaiui proportion than the solid
tlian a block ol oak. Boiling springs in ""»'•

many parts of the globe show that there are numerous hot re-

gions in t)ie earth's interior, and this heat cannot be merely
local, because then it would soon be dissipated. But the geol-
ogist finds the strongest proof of the theory in volcanoes and
earthquakes. The torrents of lava which have been thrown
out of the former through thousands of years show that there
arc groat volumes of molten matter in the earth's interior,

•!.
i

•:
I
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while the latter show this interior to be subject to violent

changes which a solid could not exhibit.

But mathematicians have never been able entirely to rec-

oncile the theory in question with the observed phenomena of

precession, nutation, and tides. To all appearance, the earth
resists the tide-producing action of the sun and moon exactly
as if it were solid from centre to circimference. Sir William
Thomson has shown that if the earth were less rigid than steel,

it would yield so much to this action that the tides would be
much smaller than on a perfectly rigid earth ; that is, the at-

traction of the bodies in question would draw the earth itself

out into an ellipsoidal form, instead of drawing merely the

waters of the ocean. Earth and ocean moving togetlier, we
could see no tides at all. If the earth were only a thin shell

floating on a liquid interior, the tides would be produced in

the latter; the tb" i shell would bend in such a way that the

tides in the ocean would be nearly neutralized. Again, the

question has arisen whether the liquid interior Avonld be af-

fected by precession
; whether, in fact, the crust would not slip

over it, so that in time the liquid would rotate in one direc-

tion, and the crust in another. Altogether, the doctrine of the

earth's fluidity is so fraught with difliculty that, notwithstand-
ing the seeming strength of the evidence in its favor, it nnist

be regarded as at least very doubtful. It may be added that

no one denies that the interior of our planet is intensely hot-
hot enough, in fact, to melt the rocks at its surface— but it

is supposed that the enormous pressure of the outer portions

tends to keep the inner part from melting. Nor is it ques-

tioned by Sir William Thomson that there are great volumes
of melted matter in the earth's interior from which volcanoes

are fed; but he maintains that, after all, these volumes are

small compared with that of the whole eailh.

Effraction of the Atmosphere.~li a ray of light pass through
our atmosphere in any other than a vertical direction, it is

constantly curved downwards by the refractive power of that

medium. The more nearly horizontal the course of the I'av,

the greater the curvature. In consequence of this, all tho
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leavenly bodies appear a little nearer the zenith, or a little
Ingher above the horizon, than they actually are. The displacement .s too small to bo seen by the naked eye except
^i.ute near the horizon, where it increases rapidly, a nountin.
to more than half a degree at the horizon itsilf. 'consel^nem:
^y,

at any pomt where we have a clear horizon, as on a p airie,
or the sea-shore, the whole disk of the sun will be seen above
:he horizon when the true direction is below it. A shVht in-
crease is thus given to the length of the day. The sunin our
at.tudes always rises three or four minutes sooner, and sets

.

t iree or four mnintes later, than he would if there were no
a niosphere. At the time of the equinoxes, if we suppose the
.aj to begm and end when the centre of the sun is%n thehonzon at IS not of tlie same length with the night, but is six
or eight minutes longer. If we suppose the day to begin with
he rising of the sun's upper limb, and not to end till the same

it?wTh''*'
''''' "'"'^ """^^ ''''"'' ^^"'"^ "^'""'^' "^^^'^ to

If, standing on a hill, wo watch the sun rise or set over theocean one eifeet of refraction will bo qnite clearly visible.

I ;? VT 1""" "'"'°^' ^"""^ '" '»'-' «- ™'»>-. it -il
eon that the orm of his disk is no longer round, b.'.t ellip-

;. ..1, the horizo,. a diameter being greater than the vertieal.

.of,act.o„ «.an the npper one, and thns the vertical dian.ete^

tl,J"l„l"''''"i"'! "'"'"'Ty'
»" ol'sonations of the altitnde ofthe heavenly bodies above the horizon mnst bo corrected for

^^"'V^ f"""'"
''"'"« "'^^-^ '°^^ "'»" """ ob-

=.u^ed. Very near the zenith the refraction is about 1" formery degree, or ^^i„ part the distance from the zenith But

n.l d s ance, so that at 45°, or half-way between the ^nithand tl,e horizon, ,t amounts to 60"; at the horizon it is 3i'
Jl's Aurora Jiormlk.-Thk phenomenon, tliough so well
.o«-n, ,s one of which great dimcnlty has been folind in J"

'". a satisfactory explanation. Thf.t it is in some way con-
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Fio. TO—Distribution of ani'orns, after Loomis. The darkPi- the color, the more neqm'iitl.v

auroras are seen.

nected with the pole of the earth is shown by the fact that

its frequency depends on the latitnde. In the equatorial re-

gions of our globe it is quite rare, and increases in frequency

as we go north. But the region of greatest frcqueucy suP*as
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to l)e, not the poles, but tlie neighborhood of the Arctic Cir-
cletro.n which it diminishes towards both the north and the
south This IS sliown more exactly in Professor Loomis'a
auroral map of which we give a copy on the preceding pa^e.A close study of the aurora indicates that its conneSion is
not with the geographical, but with the magnetic pole Two
distinct kinds of light are seen in the aumra; or we might
eay that the light assumes two distinct forms, of which some-
tnues the one and sometimes the other preponderates. They
are as follows: ^

1. The cloud-like form. This consists of a large irregular
patch of hght, frequently of a red or purple tinge! It is seenm every direction, but more frequently in or near the northern
homon where it assumes the form of an arch or crown of
light. The tu-o ends of the arch rest on the horizon, one on
each side of the north point. The middle of the arch rises a
tew degrees above the horizon.

Fig. 7T.—View of aurora

2. The streamer or pillar form. This form consists of long
streamers or pillars, which extend in the direction of the dip-
ping magnetic needle. They look curved or arched, like the
celestial sphere on which they are projected, but they ai-e re-
ally straight, Tliey are in a state of constant motion. Somo

•
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times tliey arc spread out in the form of an imnionso flai<

with numerous folds, daucinji;, (luivering, and unduhitiiig, iu;

if moved by tlie wind.

Electric Nature of the Aurora.—Tlicrc is abundant evidence

that the aurora is intimately connected with the electricity

and ma^r.etism of the '• '^h. T^i'r'iig a brilliant aurora sucli

strong and irregular . of electricity pass through the

telegraph wires that it i. rricult to send a despatch, Some-

times the current runs with such force that a message may
be sent without a battery. The magnetic needle is also in u

state of great agitation. Before the spectroscope came into

use, these electric phenomena gave rise to the opinion that

the aurora was due entirely to currents of electricity passing

through the upper regions of the atmosphere from one pole to

tiio other. But recent researches seem to show that, though

this view may be partly true, it is far from the whole truth,

and does not afford a complete explanation. The great height

of the aurora and the nature of its spectrum both militate

aijainst it.

Height of the Axirora.—Several attempts have been made in

recent times to determine the lieii>'ht of the aurora above the

surface of the earth, by simultaneous observations of some

prominent streamer or patch of light from several far-distant

stations. The general result is that it extends to the height of

from 400 to 600 miles. But the evidence of shooting -stai-s

and meteors seems to indicate that the limit of the atmosphere

is between 100 and 110 miles in height. If it extends above

this, it must bo too rare to conduct electricity long before it

reaches the greatest height of the aurora ; indeed, it is doubt-

ful whether it does not attain this rarity at a height of 40 or

50 miles. If, then, the aurora really extends to the great

height we have mentioned, and still exists in a gaseous medi-

im, it seems difficult to avoid the conclusion that this medium

is something far more ethereal than the gases which form onr

atmosphere. It would, however, be unphilosophical to assume

the existence of such a medium without some other evidence

in its favor than that afforded by the aurora. We nnist in-



TUE EARTH.
311

cliidotlic aurora ainon- those tilings m wliicli inoderti ob-
servations have opened up n.ore difficulties than modern tiieo-
ries Jiave explained.

^jurtrum of the Aurora.~^ho. spectrum of the aurora is so
far from uniform as to be quite puzzling. There is one char-
uetenstic bright line in the green part of the spectrum, known
as Angstroms line, from its tirst discoverer. This was the
on y line Angstrom could see: he therefore pronounced the
light of the aurora to be entirely of one color. Subsem.ent
uhscrvers, hou-ever, saw many additional lines, but they were
different in different auroras. Among those ^vho have made
oareful studies of the aurora with the spectroscope are the
ate Irofessor Winlock, of Harvard University: Professor

Mkainp
'^"^'-^'^^i^^^'^' -d ^- "• C. Vogel/fonnei'y of

Pig. TS.-Spectrnm of two of the great auroras ofl871, after Dr. H. C. VogeL

Vo!!f ^^t/^'T/'''
'^'''^'''" ^^ '''''' ^'"•^'•''^^' ^^ ^^'-'-^^vn by Dr.

h.^n 7) 7l 1 "T ''"' *'^"^'" ^^ ^"^ «"« ^^•J^^J't line be-
^
e n ]) and E, which would fall in the yellow-.h-green port

n
" '11'^'!:"'"' ;^'"^? the others are all broad, ill -defined

.
ncl^. Dr. Vogel notices a remarkable connection between

;^1

e^ lines and several groups of lines produced by the vapor

1
e upper regions of our atmosphere. A more complete study

turo, i

'^''"'^ /'?"'' "' ^^^^^^"t
P^-^«^^^^-«'^ ^"^J tempera-

necessary before we can form a decided opinion as to
^uiat the aurora really is.

)
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Of the supposed periodicity of the aurora, and its counectiou

with sun-spots, we have already spoken. Granting the realit)*

of tliis connection, we may expect that auroras will be ver}'

frequent between the years 1880 and 1884; and if this ex-

pectation is realized, little doubt of the connection will remain.

§ 5. The Moon.

The moon is much the nearest to us of all the heavenly

bodies; no other, except possibly a comet, ever coming nearer

tlian a hundred times her distance. Her mean distance is, in

round numbers, 240,000 miles. Owing to the ellipticity of her

orbit and the attractive force of the sun, it varies from ten to

twenty thousand miles on each side of this mean in the course

of each monthly revolution. The least possible distance is

221,000 n;!'es ; the greatest is 259,600 miles. It very rarely

approaches either of these limits, the usual oscillation being

about 13,000 miles on each side of the mean distance of

240,300. The diameter of the moon is 2160 miles, or some-

what less than two-sevenths that of the earth. Her volume is

about one-fiftieth that of the earth, and if she were as dense

as the latter, her mass would be in the same proportion.

Fio. 79.—Relative size of earth and moon.

But her actual mass is only about one-eightieth that of the

earth, showing that her density, or the specific gravity of the

material of which she is composedj is little more than half that
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of onr globe. Her weight is, in fact, abont 3^ times that of
her bulk of M-ater.

The most remarkable feature of the motion of the moon is,
dia she makes one revolution on her axis in the same time
that she revolves around the earth, and so always presents tlie
san.e face to ns. In consequence, the other side of the moon
nuist remam forever invisible to human eyes. Tlio reason of
Jus peculiarity IS to be found in the ellipticity of her globe.
That she should originally have been set in revolution oil her
axis with precisely the same velocity with which she revolved
around the earth, so that not the slightest variation in the re-
latiou of the two motions siiould ever occur in the course of
ages, IS highly improbable. If such had been the state of
iui.gs the correspondence of the two motions could not have
heen kept up without her axial rotation varying; because
owing to the secular acceleration already described, the moon'm the course of ages, varies her time of revolution, and so
he two motions would cease to correspond. But the effect of
the attraction of the earth upon the slightly elongated lunar
globe IS such that if the two motions are, in the bcnnnhiJ
very near together, not only will the axial rotation aJ'commo'
date

1 self to the orbital revolution around the earth, but as
the latter varies, the former will vary with it, and thus the
correspondence will be kept np.
Figure Rotation, and Libration of the J/oon.-Supposinn. the

B ape of the moon to be the same as if it were a fluid mass,
covered by an ocean, it will be an ellipsoid with three nn-

qual axes
_

The shortest axis will be that around which it

rlTV '^/' ""'
r^'

^^' ^'"'" ^^"^^' perpendicular tote eehptic. The next longest is that which lies in the direc
on in which the moon moves ; while the lon^^est of all is
h^^^ which points towards the earth. TJie reason that the
po ar axis is the shortest is the same M^hich makes the polar

8 the earth the shortest, that is, the centrifugal force
en rated by the revolution round tliat axis. If we consid-

ered only the action of this force, we should conclude that themoon, like the earth, was an oblate spheroid, the equator bs-

\n\
if]

ft ^tmLkHi
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iiij^ a perfect circ^lo. Hut the attraction of t'le earth upoti tlio

moon tends to eh)npito it in the direction of the iini; joiiiiiiif

the two hodicH, in the Kanie way that the attraction of fh(! nidoii

upon the earth ^eneratcb a tide-i)rodncln<; force which we have

ah-eady explained. At the centre of the niooii the attractiui'

uf the earth and the eentrifujjjal force of the inoon in its or-

l)i< exactly halanco each other. I'>ut if we i'o to the farther

/tide of the moon, the centrifugal foi ^e will be <::reater, owing

to the lart!;er orbit which that part of the moon has to dc-

Hcribc, while the attraction of the earth will bo less owing to

the greater distance of the parti(!les it attracts, llcjice, that

part of the moon tends to lly oft' from the centre and from the

earth. On this side of the moon the case is rev(>rscd,th(' at-

tractive force of the earth exceeding the centrifugal force of

those parts of the moon, whence those parts are impelled by a

force tending to draw them to the earth. The eft'ecit would

i)e much the same as if a rope w(>re fastened to this side of

the moon, ana constantly pulled t( vards tho earth, while an-

other were fastened to the opposite side, and as constantly

pulled from the earth. Su])posing the moon to be a li(|uid,

so as to yield freely, it is clear that the effect of these forces

would be to elongate her in the direction of the earth.

The deviations fi-om a si)hcrical form produced by these

causes are \ery minute. Taking tliO results of Lagrange and

Newton, the mean axis would bo 46^ feet longer than the

shortest one, and the longest 180 feet longer than the mean

one, or 2-52^ feet longer than tlio shortest one.'* These differ-

ences are so much snuilku- tiian the average height of the

lunar mountains that the irrogularities produced by the latter

might entirely overpower them ; but the correspondence be-

cveen the motions of rctatiou and revolution of the moon

shows that there must h2, on the average, a real elongation in

* These niiiiil)ers arc, peninps, not strictly correct. TIic extension of ISO ftvt

wns deduced by Newton from n comparison oi the distorting powers of tho ceiiliif

ugal force of the earth with that of tlie force ..e have just described. He seems

to have overlooked the fact that the small denbity of thu moon will cause tho

i,>longatioQ to be greater.
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(lin (]lr(!(!ti<»n of tlio oartli. Tl lis c:on'ospondcnco is kept up hy
thfsli-lit additioniil attmction of the (Mirth nj.on rl

of tlie moon towards the eartli, (•oMihincd witli tl
(!eiitnliii,^al force of the extt-iisioii on 1

tlit"s(^ forces are not by my meana tl

poll rliis extension

10 additional
on on the other side. AithouHi

10 same as the distor*^
forces ah-eady described, they may be i-oi)rosented
wny hy two ropes, one of which pulls the protubci

inif

in the same

, , 1 ^r ' .
1 " "^'"^ i"»^LiiuL;rance on this

s..l.Mmv.ml„ the cu-th, wl,il„ tl,o „,l,e,. ,,„„, „,„ ,„.„t„,,„,,u,„e
".i

.
" othe,- s,..c f,-„,„ i. If t|,„ t„, ',„.o,„,,e,.i,eo, do ot

l.»...t «...^ ly t„,va,,I. ,1,0 cartl,,tl,o effoot of tl.eso two n,i„ toto.«s w,lM,o to draw tl.cn very slowly into lino. V„,Z
Vicdy, ,,o,w,ti,sla„dinf; ,l,o „low variatio,,, to «-l,i,=l, tho ,„o.
t.on ot ,„ „,ooM aroMT.d tho earth i, subject in the oou.-so
of np..s the attraction of the earth will always keep this no"
" "|i-i"t face turned towards n«. Human eyes m\l never bei»M ,I,e other side of the n.oon, unless so.ne external f»t
.cts upon her so as to overcon.o the slight balancins force

Nc. ,.M.. It It ,s d,sapi.o.ntnig to reflect that we are for-cer ,lepr,ved ot the view of tho other side of our satellite we
..my console oureelves with the reflection that there is not the

;f ;;:

'"'7" "; "«-;- "-' ," -"fo. m any respect fr n
Ihi «,c The atmosphere with which it has boon covered
". the .nhahitants with which it has been peopled, are™,'tor than the products of a poetic inmgination.

'
'

flic forces we have just described as tending to keep the
.-™c ace of the „,oon pointed towards ns would not prod ,1

.s < Icct unless the adjustment of tho two motion _t at
o,,,K the earth, a,,d that on her axis-were almost per

.
iK) iKgnunug. If her axial rotation were accelerated by so
"

r,.!"'°"". TT '°;°'""'"' '•' '™ "'• ""•»» >•«»-. "«=fe
. - c,y rc,«.on to behove that she would keep on rmolv ng at

. . I, 'tlXTT'"^^ "" *<"•"« '•" ""-"<-" Tl.e ^ase

i V , , f "* " ™''^ '=''^.v-"''-"i"« fly-wheel, which isS in
'^

"> °" °"' "'^°' " "" Sivo the wheel a gentle

«teel to turn tdl the heavy side is the lowest, and the wlie-'

!: i ». .

Ifc
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will then vibrato very slowly on ono sido and tho other of thia

point. But if wo give tho wheel a motion rapid enou-^'h to

carry its heavy sido over tho highest point, then the weight

will aceelerate tho wheel while it is falling as niueh as it will

retard it while rising; and if there were no friction, the wheel

would keep on turning indefinitely. The question now arises,

IIow does it happen that these two motions are so exactly ad-

justed to each other that not only is the longer axis of tho

moon pointed exactly towards tho earth, but not the slightest

swing on ono sido or tho other can bo detected ? That this

adjustment should bo a mere matter of chance, without any

physical cause to produce it, is almost infinitely improbable,

while to suppose it to result from the mere arbitrary will of

the Creator is contrary to all scientific philosophy. IJut if the

moon wore ©nee in a partially fluid state, and rotated on her

axis in a period different from her present one, then the enoi''

mous tides produced by tho attraction of the earth, combined

with the centrifugal force, would be accompanied by a fric-

tion which would gradually retard the rate of rotation, until

it was reduced to tho point of exact coincidence with the rate

of revolution round the earth, as we now find it. AV^e there-

fore see in the present state of things a certain amount of

probable evidence that the moon was once in a state of par-

tial fluidity.

Tho force we have just described as drawing the protuber-

ant portion of the moon towards the earth is so excessively

minute that it takes it a long time to produce any sensible ef-

fect ;
consequently, although tho moon moves more rapidly in

Bomo points of her orbit than in others, the force in question

produces no corresponding change in the moon's rotation.

The protuberance does not, therefore, always point exactly at

the earth, but sometimes a little one side, and sometimes a lit-

tle the other, according as the moon is ahead of or behind her

mean place in tho orbit. The result is, that the face which

the moon presents to us is not always exactly the same, there

being a slight apparent (not real) oscillation, due to the real

inequality in her orbital motion. This apparent swaying i£
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called IMon, and in conseqnenco of it there is ncariv six-
tenths .>f the lunar .urfaoo which may, at one time or another,
come into view from tlio earth.m Lunnr^ JJa>/.~In conseciuenoo of the peculiarity in the
moon 8 rotation which, we have described, the lunar day is 2^
tnnes as long as the terrestrial day. Kear the moon's e-iuator
the sun shines without intermission nearly fifteen of our days
and IS absent for the same length of time. I„ consequence,'
tlie vicissitudes of temperature to which the surface is exposed
must be very great. During the long lunar night tlie temper-
ature of a body on the moon's surface would probably fall
below any degree of cold that we ever experience on tlie earth
wlule during tlie day it must become hotter than anywhorJ
on our globe.

Astronomical phenomena, to an observer on the moon, would
exhibit some peculiarities. Tlie earth would be an immense
moon, going through the same phases that the moon does to
us; but instead of rishig and setting, it would only oscillate
back and forth through a few degrees. On the other side of
tlie moon it would never be seen at all, The diurnal motion
of the stars w-ald take place in twenty-seven of our days,
much as they do here every day, while, as we liave said, the
sun would rise and set in 29| of our days
Geograph>/oft/>eMoon.~^Yhh the naked eye it is quite

readily seen that the brilliancy of the moon is far from uni-
torm lier disk being variegated with irregular dark patches
M-hich have been supposed to bear a rude resemblance to ahuman face It is said to have been a fancy of some of the
uncent philosophers that the light and dark portions were
caused by the reflection of the seas and continents of the ter-
restrial globe, though it is hard to conceive of such an opin-
ion bemg seriously entertained. The first rude idea of the
real nature of the lunar surface was gained by Galileo with
iHs telescope. He saw that the brighter portions of the di.k
were broken up with inequalities of the nature of mountains
anc craters, while the dark parts were, for the most part,
smooth ana uniform. Here he saw a strikino- resPm!,]ancc to

'

H , III!

'S--\}
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tlio geographical features of our globe, and is said to have siija

gested that the brighter and rougher portions might be conti-

nents, and the dark, smooth portions oceans. This view of the

resemblance to terrestrial scenery is commemorated in Mih

ton's description of Satan's shield :

" Like the moon, whose orb

Through optic gliiss the Tuscan artist views

At evening, from tlie top of Fesole,

Or in Valdarno, to descry new hinds,

Kivers, or mountains in her spotty globe.

"

Tlie opinion that the dark portions of the lunar disk werG

seas was shared by Kepler, llevelius, and Eiccioliis. The last

two made maps of the moon in which they gave names to tlie

upposed seas, which names the regions still bear, though they

are strikingly fanciful. Among them are Oceaiais Procdla-

rum (the (iceau of Storms), Mare Tranquillitatis (Sea of Tran-

quillity), Mare linhriiun (Rainy Sea), etc. The names of great

philosophers and astronomers were given to prominent feat-

ures, craters, etc.

If this resemblance between the earth and moon had been

established ; if it had beey found that our satellite really had

seas and atmosphere, and was fitted for the sui)port of or-

ganic life; still more, if any evidence of the existence of in-

telliii-ent beino;3 had been found, our interest in limar geogra-

phy would have been immensely heightened. But the more

the telescope was improved, the more clearly it was seen that

there was no similarity between lunar and terrestrial scenery.

A very slight increase of telescopic; power showed that there

was no more real smoothness in tlie regions of the supposed

seas than elsewhere. The inequalities were smaller aiul liarJ-,

er to see on account of the darkness of color ; but that was

all. The sun would have been brilliantly imaged back from

the surfaces of the oceans in certain positions of the moon;

but nothing of the kind was ever seen. The polariscope

showed that the sun's rays did not pass through any li(iuid at

the moon's surface. Positive evidence of an atmosphcn' was

bought in vain. Supposed volcanoes were traced to bright



TEE MOON. 319

spots, illuminated by light from the earth. Inequalities of
surface there were; but in form they were wliolly different
u-oin the mountains of the earth. So the beautiful' fancies of

F.S, 80._View of moon near the third quarter. Prom a photograph by Professor Henn
Draper.

the earlier astronomers all faded away, leaving our satellite as
]if«.iless as an arid rock.

As the moon is now seen and mapped, the difPerence be-
tween the light and dark portions is due merely to a differ-
eiice in the color of the material, mucli of which seems to bo

\]u i

v]\
I

i' r
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darker than the average of terrestrial objects. The mountains

consist, for the most part, of ronnd saucer-shaped elevations,

the interior being flat, with small conical mounds rising here

and there. Sometimes there is a single mound in the centre.

It is very curious that the figures of these inequalities in the

lunar surface can be closely imitated by throwing pebbles

upon the surface of some smooth plastic mass, as mud or

mortar. They may be well seen during an eclipse of the sun,

when the contrast between the smoothness of the sun's limb

and the roughness of that of the moon cannot escape notice.

Their appearance is most striking when the eclipse is annular

or total. In the latter case, as the last streak of sunlight is

disappearing, it is broken up into a number of points, which

have been known as " Baily's beads," from the observer wlio

first described them, and which are caused by the sun shining

through the depressions between the lunar mountains.

To give the reader an idea what the formation of the lunar

surface is, we p''Cbent a view of the spot or crater " Coper-

nicus," by Secchi, taken from the " Memoirs of the Eoyal As-

tronomical Society," vol. xxxii. The diameter of the central

portion, so much like a fort, is about 45 or 50 miles.

Among the most curious and inexplicable features of the

moon's surface are the long narrow streaks of white material

which radiate from certain points, especially from the great

crater Tycho. Some of these can be traced more than a

thousand miles. The only way in which their formation has

been accounted for is by supposing that in some former age

immense fissures were formed in the lunar surface which were

subsequently filled by an eruption of this white matter which

foi'ms the streaks.

Has the Moon an Atmosphere?— This question may be an-

swered by saying that no evidence of a lunar atmospliere

entitled to any weight has ever been gathered, and that if

there is such an atmosphere, it is certainly not ^^ part the

density of tlie earth's atmosphere. Tiie most delicate known

test of an atmosphere is afforded by tlip behavior of a star

when *n apparent contact with the limb of the moon. In this
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orincr age

Fig. 81.-Lunar crater "Copernicus," after Secchi

position the rays of light coming from the star would pass
In-ough the lunar atmosphere, and be refracted by twice the
iiorizontal refraction of that atmosphere. Tlie star would
then be apparently thrown out of its true position in the di-
rection from the moon's centre by the amount of this double
retraction. But observations of stars in this position, at the
moment when the limb of the moon passes over them, have
never indicated the slightest displacement. It ^'s certain that
had the displacement been decidedly in excess of half a sec'
ond, It would have been detected) tlierefore, the double hori-
zontal refraction of the lunar atmosphere, if any exist, must
be as small as half a second.* The corresponding refraction
ottiic earth's atmosphere is 4000 seconds. Therefore, the re-

vlnt T^'^'u'l '\
'^'^"''^"^ ^^ *''" °^^"'tnti«" of « planet, especially Saturn .,rVe us the hmb of which would be a little flattened as it touched the moon. The

lati. ntl "T 'T''":!"^
'"' '•''' ^PP«^™"^« "^"""g a" unusually favorable oc

c..l.ai.oa of Saturn which occurred on Aug. Gth, 187G, without seeing a trace of it.

'If

I
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fractivo power of the lunar atmosphere cannot be much in ex.

cess of ^tjVtt that of the earth's, and certainly falls below
-y^jVo.

Without an atmosphere no water or other volatile fluid can

exist on the moon, because it would gradually evaporate and
form an atmosphere of its own vapor. The evaporation would
not cease till the pressure of the vapor became equal to its

elastic force at the mean temperature of the moon. If this

temperature were n low as the freezing-point, the pressure of

an atmosphere of water vapor would be -xlo that of our at-

mosphere. So dense an envelope conld not fail of uotectiou

with our present means of observation.

The question whether any change is taking place on the

surface of the moon is one of interest. Hitherto, the pre-

ponderance of evidence has been against the idea of any
change. It is true that a few years ago there was a great

discussion in the astronomical world about a supposed chano-e

in the aspect of the spot Linna3us, which was found not to

present the same appeai-ance as on Beer and Miidler's map.
But careful scrutiny showed that, owing to some peculiaiity

of its surface, this spot varied its aspect according to the

manner in which it wiis illuminated by the sun, and these

variations appear to be sufficient to account for the supposed

change. To whatever geological convulsions the moon may
have been subjected in ages past, it seems as if she had now
reached a state in which no further change was to take place,

unless by the action of some new cause. This will not seein

surprising if we reflect what an important part the atmosphere

plays ii\ the changes which are going on on the surface of the

earth. The growth of forests, the formation of deltas, tlie

washing-away of mountains, the disintegration and blacken-

ing of rocks, and the decay of buildings, are all due to the

action of air and water, the latter acting in the form of rain.

Changes of temperature powerfully re-enforce the action of

these causes, but are not of themselves sufficient to produce

any effect. Now, on the moon, there being neither air, wa-

ter, rain, frost, nor organic matter, the causes of disintegra-

tion and decay are all absent. A marble building erected

n
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upon the surface of tlie moon would remain century aftercentury just as it M-as left. It is true that there might bebod.es so fnable that the expansions and contractions due tothe great changes of temperature to which the surface of themoon is exposed would cause them to crumble. But whate

'

er crumbhng nnght thus be caused would soon be done withand then no further change would occur
L^ght and Heat of (he Moon.-That the sun is many times

br,ghter than the moon is evident to the eye; but no onejudging b,. the unaided eye would suppose the disparity to be
so great as ,t really is. It is found by actual trial tha the
.gi^t of he sun must be diminished several hundred thousand
tunes before it becouies as faint as the full moon. The .esuUs
ot various experiments range between 300,000 and 800 000

r'ooT T.''-
'''"'' ^^Cf"^'-^^ge, found the ratio tfbe

47 ,000. The most careful determination yet made is bvZolner, who finds the sun to give 619,000 Les as m„ch

tlftruk
" ""'"•

"^'^^ "^"^* '' P'-^^^^^^ q-^^ --
The moon does not shine by sunlight alone. Whenever

he narrow crescent of the new moon is seen through a clear
.nosphere, her whole surface may be plainly seen faintly il-
"n,nated. This appearance is known as "the old moon n

daik parts of the moon is reflected from the earth. An ob-server on the moon would see the earth in his sky as a la^^emoon, much larger than the moon is seen by us. When itisnow moon with us it would he full earth, if I may be allowed

undo t ose circumstances, most of the lunar hemisphere hiddtn by the sun is illuminated by earth-light, or by sunlight re-taed b, the earth, and is thus rendered ;isible. Tht case
the same as if an observer on the moon should s. e the darkhemisphere of the earth by the light of the full mooi
As the moon reflects the light ci the sun so also m..t she

Bhe absorbs from the suu. Hence, we must receive some heat
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from the mooTi, though calculation will show the quantity to

be BO small as to defy detection with the most delicate ther-

mometer, the average quantity being only -^-rffwuTT pai"t of that

received from the sun. As the diiect rays of the sun will not

raise the black-bulb thermometer more than 50 or 60 des:ree£

above the temperature of the air, those of the moon cannot

raise it more tlian -ygVir of a degree. By concentrating the

rays in the focus of a telescope of large aperture and compar-

atively short focal length, the temperature might be increased

a hundred times or more ; but even then we should only have

an increase of -jyV of a degree. Even this increase might he

unattainable, for the reason that the heat radiated by the

moon would not pass through glass. It is, therefore, only

since the discovery of thermoelectricity and the invention of

the thermo-electric pile that the detection of the heat from

the moon has been possible. The detection is facilitated by

using a reflecting telescope to concentrate the lunar ra}s,

because the moon is not hot enough to radiate such heat as

will penetrate glass. Lord Eosse and M. Marie - Davy, of

Paris, have thus succeeded in measuring the heat emanating

from the moon. Tlie former sought not merely to determine

the total amount of heat, but liow much it varied from one

phase of the moon to the other, and what portion of it was

the reflected heat of the sun, and what portion was radiated

by the moon herself, as if she were a hot body. lie found

that from new to full moon, and thence round to new moon

again, the quantity of heat received varied in the same way

with the quantity of light ; that is, there was most at full-

moon, and scarcely any when the moon was a thin crescent.

That only a small proportion of the total heat emitted was the?

reflected heat of the sun, was shown by the fact that while SQ

per cent, of solar heat passes through glass, only 12 per cent.

of lunar heat does so. This absorption by glass is well known

to be a property of the heat radiated by ji body which is not

itself at a high temperature. The same result was indicated

in another way, namely, that w^hile the 8un is found by ZoU*

ner to give 618,000 times as much li<2:ht as the moon, it oni^
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gives 82,C00 imes as much l.eat. Tlins botli the ratio of solar
to hmar heat, and tlie proportion of the latter which is ab.
sorbed by glass, agree in indicating that about six-sevenths of
the heat i-eceived from the moon is radiated by the latterowmg to the temperature of her surface produced by the ab-'
sorption of the sun's rays.

j ^^
u-u

Lord Rosse was thus enabled to estimate the change of
temperature of the moon's surface according as it was turned
towards or from tlie sun, and found it to be more than 500<'
Fahrenheit But there was no way of determining the tem.
peratures hen,selves with exactness. Probably when the sun
does not shine the temperature is two or three hundred de-
grecs below zero, and therefore below any ever known on the
earth; while imder the vertical sun it is as much above zero,
and therefore hotter than boiling water
Effected the Moon on the Uarth.-We have already explainedm treating of gravitation, how the attraction of the moon

causes tides m the ocean. This is one of the best-known ef-
ects of lunar attraction. It is known from theory that a sim-

liar tide is produced in the air, affecting the height of the ba-
ro.neter; but it s so nunute as to be entirely masked by ufechanges constantly going on in the atmospheii pressure from

lence of ear hquakes may be affected by the attraction of them n; but this IS a subject which needs further investiga-
tio. before we can pronounce with certainty on a law of con-

Thus far there is no evidence that the moon directly affects
le earth or its inhabitants in any other way than by her at.

^rac iu„, ,vhich IS so minute as to be entirely insensible except

a hbUty of the human judgment when not disciplined by sci-
entiftc training is afforded by the opinions winch have at vari-
ous tunes obtained currency respecting a supposed influence
ot tbe moon on the weather. Neither in the reason of the
case nor in observations do we find any real support for such
a theory. It must, however, be admitted that opinions of this



326 THE SOLAR SYSTEM.

i, t

.

character are not confined to the nneducatecl. In PclentiHc

literature several papers are found in which loug series of me.

teorological observations are collated, which indicate that the

mean temperature or the amount of rain had been subject to

a slight variation depending on the age of the moon. But

there was no reason to believe that these changes arose from

any other cause than the accidental vicissitudes to which the

weather is at all times subject. There is, perhaps, higher au-

thority for the opinion that the rays of the full moon clear

away clouds ; but if we reflect that the effect of the sun it-

self in this respect is not very noticeable, and that the full

moon gives only s^Ijts of the heat of the sun, this opinion

will appear extremely improbable.

§ 6. The Planet Mars.

The fourth planet in the order of distance from the sun,

and the next one outside the orbit of the earth, is Mars. Its

mean distance from the sun is about 141 millions of miles,

The eccentricity of its orbit is such that at perihelion it is only

128 millions of miles from the sun, while in aphelion it is 154

millions distant. It is, next to Mercury, the smallest of the

primary planets, its diameter being little more than 40UO

miles. It makes one revolution in its orbit in less than two

years (more nearly in 687 days, or 43^ days short of two Ju-

lian years). If the period were exactly two years, it woulil

make one revolution while the earth made two, and the oppo-

sitions would occur at intervals of two years. But, goii)£r a

little faster than this, it takes the earth, on the average, fifry

days over the two years to catch up to it. The times of oppo-

Bition are shown in the following table

:

1884...Janu(iry 3l8t. I 1888. . .April 10th.

1886. . .March 6th. I 1890. . .May 2'7lh.

1892.

1894.

.August 2d.

.October 16th.

The times of several subsequent oppositions may be found

with sufficient exactness for the identification of the planet bv

adding two years and two months for every opposition, except

during the spring months, when only one month is to be
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added. Oppositions will occur in December mor i r ,
niarv, 1899 At Mm fl.^na *

-^t^t^emoei, 189G, and Feb-

«nd the .„. r eX ;;r;tlX f'" I""
^''""

.1. wlM-cl, the earth is on Au<.ust «7ti • „n^
" '°"S'""'«

occn. near that date, the ptneuf;:,:'3l';:?„r,,rr'r'from the earth. This is abm.t tl.. ,i .
"""'ons of miles

two planets can eve Lko m ' "I''"''""'' '"'''<='' "»

•<- of miles f ", tlTe' m and T' .'rP''f™-l^* ™-"-

The result of these va hti
' A^!

"""'™' *<"" "'« '^»rtl>.

'!»" four time blhterIT
'''""™' '^ """ ^ai^ is n.ore

or «e,.e,nhert;a:'f
1r t^^iffiT ""T "' ,^"""-'

opposition of 1S77 (September IH.^f'?' "''''-''• ^''^

this -peet, as it oelu^'o^ fcr' L^rt'''''
"'

its perihelion. The near ^„„L l ? .,
" P'"™' P''^««<'

rendered memoraMe rtheT ^^ """' =" ""^ «"« ^

^
Ma,, has be^n an ^tnLfofTer"''"^•

"ents and oceans A,.«„«^ i
^''^ ^-'^ suppose to be cont -

-vl.ite, whiehThe sanfe
1" T'V'°''

'' " "-^S'"" <" brilliant

Mons are somet mos so lardt I™'
"* ""* ''^'''^ ""^ "s'" P"'"

»».idolok atMa.lt""''?
"'""^P'^^^- At the same time,
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if our earth wcro viewed at the distaneo at wlu'eh wo vIom

Mai-H, and with the Banio optical power, it would present a

similar telescopic aspect But it is also possihlu that if the

optical power of our tele-

scopes were so iucreafjccl

that wo could see Mars as

from a distfMieo of a thou-

sand miles, the roscnibliincoa

would all vanish as com-

pletely as they did in the

case of the moon.

So many drawiiifijs of

Mai's in various positions

have heen made by the nu-

merous observers who have

studied it, that it has be-

Fio.82 ^Tho planot Mars on June 23d, 18TB, at lt>
-i i * . ^ ^

h<.iir»46inlmiteB,nsBeenbyProrc8HorUol(leu COme pOSSlblO tO COnbtlUCt

with Uio grcnt Wnshlugtou telegcoi)C. toloiably aCCUratO UUipS of

the surface of the planet. We give a copy of one of these

sets of maps by Kaiser, the late Leyden astronomer. Kaiser

does not pretend to call the different regions continents and

oceans, but merely designates them as light and dark i)ortion3.

'''*a^^^

M W « • "

Pio. 83 Map of Mai-s, after Kaiser, ou Mcrcator's projection.

Rotation of Mars.—Mara is the only planet besides tlic earth

of which we can be sure that the time of axial rotation ad-

mits of being determined with entire precision. Drawings by

Ilooke, two centuries ago, exhibit markings which can still bo

recognized, and from a comparison of them tvith recent oneg

Mr. Proctor has found for the period of rotation 24: houra 37
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Piinutcs 22.73 SMon.)., whiel. l,c considcm correct witl.in throo
or f..,„. h,,„„rc.,ltl,« of „ second. The equator ofC tZ
c

.
e,I to the ,,h.„e of itB orbit about 2r,st that the vici.ssft ,d"sof the seaso.m are greater on Mars than on the earth in tl e ,mFtuon of 27° to 2ar. Owing to this great ob^ni", e can

iron, the ca, (h. When m l„ngit„de 3o0°, that is, in the satue

Fiu.84.-Nortliern hemisphere of Mara p.n rk a .i. ^
.

'
""'jams. FiQ.SC-Soiithera hemisphere of Mars

L '

, ,

'° '''"""' '" "'«" "' "PPosition, it will be in-ncd towardB the earth also, so that we can see the re<-i„„ of"0 planet to a distance of 27» l,evon,l the pole .\t°an on
l.o=.t,o„ in March the north pole of-thoplaneH inclined .1"
* he snn, and towards the earth also We have kst el
at Mars is ,nneh farther at the latter oppositio^lrlu

'rir'ttZ SrnXT ''''-' " ''' -"'" ^"'o

Satelhtes of Mars.^On the ni^^ht of Aii^nst 11th 1S77

to uitli the great equatorial of the Washingtoli Observato

m
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orbital motion. Still, feariii*; that it ini^ht bo a Binall plnnot

which chancetl to bo in tho nci<i;liborhood, Professor Hall

waited for another observation beforo announcing his discov-

ery. A rough calculation from tho observed elongation of the

eatcUito and the known mass of Mars showed that the period

of revolution would probably be not far from 20 hours, and

that, if the object were a satellite, it would be hidden during

most of tho following night, but would reappear near its orig-

inal position towards morning. This prediction was exactly

fulfilled, tho satellite emerging from the planet about four

o'clock on the morning of Augiist 18th.

But this was not all. The reappearance of the satellite was

followed by tho appearance of another object, much closer to

the planet, which proved to be a second and imier satellite.

The reality of both objects was abundantly confirmed by o\m>v-

vations on the following nights, not only at Washington, but at

the Cambridge Observatory, by Professor Pickering and his as-

sistants, and at Cambridgcj)ort, by Messrs. Alvan Clark & Son?.

The most extraordinary feature of the two satellites is tlie

proximity of the inner one to the planet, and the rapidity of

its revolution. The shortest period hitherto known is that of

the inner satellite of Saturn—22 hours 37 minutes. Ihit the

inner satellite of Mars goes round in 7 hours 38 minutes. Its

distance from the centre of the planet is about 6000 miles,

and from the surface less than 4000. If there are any as-

tronomers on Mars with telescopes and eyes like ours, they

can readily find out whether this satellite is inhabited, the dis-

tance being less than one-sixtieth that of the moon from us.

That kind of near approach to simple relationships between

the times of revolution is found here which we see in tho sat-

ellites of Jupiter and Saturn. The inner satellite of Mars re-

volves in very nearly one-fourth the period of the outer one,

these times being, „^ „.„

Outer satellite 30 18

One-fourth this period 7 S4h

Period of inner satellite 7 39

These satellites may also be put down as by far the smallest



THE SMALL PLANETS.
33^

lieavcniy bodies vet kimwn t* • 1 ,1

.nato of Zollner Ma^ el „r^l
Aceordin^r to the esti-

t.Klcs bru^hte fl.n^, i ;
' ' opposition, is three nnx^u\.luucs ungntei than a iirst-niafn tiulf sfm. ti.^ i-a ,

.^"'' ^''-Apparent orbUnnTTtemte^fMar^^S^^^^^^™

§ 7. The Small Planets.

o"n succeeded each other according to a tolerably regular

J
v^

\ t; ll

;[i:ff:'
i

1
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I
^^^H^^^^Haf't
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law, and by interpolating a single planet at nearly double the

distance of Mars the order of distances would be complete.

The idea that an unknown planet might really exist in this

region was entertained from the time of Kepler. So sure

were some astronomers of this that, in 1800, an association of

twenty-four observers was formed, having for its object a sys-

tematic search for the planet. The zodiac was divided into

twenty-four parts, one of Avhich was to be searched through

by each observer. But by one of those curious coincidences

which have so frequently occurred in the history of science,

the planet was accidentally discovered by an outside astrono-

mer before the society could get fairly to work. On January

1st, 1801, Piazzi, of Palermo, found a star in the constellation

Taurus which did not belong there, and on observing it the

night after, he found that it had changed its position among

the surrounding stars, and must, therefore, be a planet. He

followed it for a period of about six weeks, after which it was

lost in the rays of the sun without any one else seeing it.

When it was time to emerge again in the following autnmn,

its rediscovery became a difficult problem. But the skill of the

ffreat mathematician Gauss came to the rescue with a method

by which the orbit of any planetary body could be complete-

ly and easily determined from three or four observations. He

M-as thus able to tell observers where their telescopes must be

pointed to rediscover the planet, and it was found without dif-

ficulty before the end of the year. Piazzi gave it the name

Ceres. The orbit found by Gauss showed it to revolve between

Mars and Jupiter at a little less than double the distance of

the former, and therefore to be the long -thought -of phmet.

But the discovery had a sequel which no one anticipated, and

of which we have not yet seen the end. In March, 1802, Gi-

bers discovered a second planet, which was also found to be

revolving between Mars and Jupiter, and to which he gave

the name Pallas. The most extraordinary feature of its orbit

was its great inclination, which exceeded 34". Olbers there-

upon suggested his celebrated hypothesis that the two bodies

might be fragments of a single planet which had been f.hat-

,..iUi
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tered by some explosion. If such were the case, the orbits of
all the fragments would at first intersect each other at the
point where the explosion occurred. He therefore thought it
likely that other fragments would be found, especially if a
search were kept up near the point of intersection of the orbits
of Ceres and Pallas. Acting on this idea, Harding, of Lilien-
thai, found a third planet in 1804, while Olbers found a
fourth one in 1807. These were called Juno and Vesta The
former came quite near to Olbers's theory that the orbits
should all pass near the same j)oint, but the latter did not
Olbers continued a search for additional planets of this o-roup
for a number of years, but at length gave it up, and'^died
without the knowledge of any bii these four.
In December, 1845, thirty-eight years after the discovery of

Vesta, Hencke of Driesen, being engaged in the preparation
of star-charts, found a fifth planet of the group, and thus re-
conimenced a series of discoveries which have continued till
the present time. No less than three were discovered in 1847
and at least one has been found every year since. To show
the rate at which discovery has gone on, we divide the time
since 1840 into periods of five years each, and give the num-
oer lonnd during each period

:

In 18CG-70 27 were discovered.
" 1871-75 45 "
" 187G-80 G2 *' »
" 1881-8.- 34 " <«

" 188G-87 IG " «'

Total known in 1887 2G!)

It will be seen that the rate of discovery increased i)rettv
steadily from 1846 to 1880, and since then has fallen off.
liow far this falling off is due to there being fewer left to dis-
cover, and how far to some discoverers having ceased to look
for now ones, we cannot yet say. During the ten years 1868-77
nearly half the discoveries were made by Peters, of Clinton
and Watson, of Ann Arbor, of whom the former has retired
troin the field and the latter is dead. Since 1878 Palisa, of
Vienna, has been the leading discoverer, and is still adding to
his laurels. He has now found more than any other person.

To 1845 5 vvere discovered.
In 1840-50 8 " <«

" 1851-55 24 " "
" 185G-60 25 " «'

" I8G1-C5 23 " "

H
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American discoveries of these bodies were commenced by

Mr. James Ferguson, wlio discovered Enplirosyne at Wasliiiip;-

ton on September 1st, 1854. He was followed by Searle, wlid

discovered Pandora at Albany, and Tuttle, who discovered

Clytia at Cambridge.

All the planets of this group are remarkable for their mi-

nuteness. The disks are all so small as to defy exact nicns-

nremcnt, presenting the appearance of mere stars. A rough

estimate of their diameters can, however, be made from the

amount of light which they reflect ; and although, in the ab-

sence of exact knowledge of their reflecting power, the results

of this method are not very certain, they are the best wo caii

obtain. It is thus foimd that Ceres and Vesta are the largest

of the group, their diameters lying somewhere between 200

and 400 miles; while, if wo omit some very lately discovered,

the smallest are Atalanta, Maja, and Sappho, of which the di-

ameters may be between 20 and 40 miles. We may safely

sav that it would take several thousand of the largest of these

small planets to make one as large as the earth.

It has sometimes been said that some of these bodies are of

irregular shape, and thus favor Olbers's hypothesis tl'-t tliey

are fragments of an exploded planet. But this opinion lias

no other fonndation than a suspected variability of their liji'lit,

which may be an illusion, and which, if it exists, might result

from one side of the planet being darker in color tlnui the

other. The latter supposition is not at all improbable, as many

of the satellites are known to be variable from this or some

analogous cause. As the supposed irregularities of form have

never been seen, and are not necessary to account for tlie va-

riations of brilliancy, there is no sufticient reason for believing

in their existence.

Olberss Hypothesis.— The question whether these bodies

could ever have formed a single one has now be(!ome one of

cosmogony rather than of astronomy. If a planet were sliiit-

tered, the orbit of each fragment would, at first, pass tlirougli

the point ut which the explosion occurred, however widely

they might be separated through the rest of their course. But
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omv.^io the secular changes produced by the attractions oi
the otljer phinets, this coincidence would not continue The
orbits would slowly move away, and after the lapse of a few
thousand years no trace of a coninion intersection would be
seen It ,s therefore, curious that Gibers and his contenipora.
ncs should have expected to iind such a region of intersection,
as It iniphed that tlie explosion had occurred within a few
thousand years. The fact that the required conditions were
not tulhlled M-as no argument against the hypothesis, because
the explosion might have occurred millions of y(,.ars a-o and
in the mean time the perihelion and node of each orbit
uoi. d have made many entire revolutions ; so that the orbits
would Jiave been completely mixed up.
Desirous of seeing whether the orbits passed nearer a com-

mou point of intersection in times past than at present, Encke
computed their secular variations. The result seemed to be
adverse to Olbers's hypothesis, as it showed that the orbits
were farther from having a common point in ages past than
at present Lut this result was not conclusive either, because
lie only determined the rates at which the orbits are now
c^lianging, whereas, as previously explained, the orbits of all
the planets really go through periodic oscillations ; and it is
only by calculating these oscillations that their positions can
he determined for very remote epochs. They have since
heen determined for some of the planets in question, and the
••esult seems to show that the orbits could never have intersect-
ed inwess some of them have, in the mean time, been altered
by the attraction of the small planets on each other. Such an
action IB not impossible; but it is impossible to determine it
owing to the great number of these bodies, and our ignorance
ot their masses. We can, however, say that if the explosion
«\er did occur, an immense interval, probably millions of
years, must have elapsed in the mean time. A different ex-
f> anation of the group is given by the nebular hypothesis, of
^v'hicli we shall hereafter speak, so that Olbers's hypothesis is
no loDgcr considered by astronomers.
The planets in question

ISfc

2S
others,
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not only by their small size, but by tiie great ecceutricitiea

and inclinations of their orbits. If we except Mercury, none

of the larger planets has an eccentricity amounting to one-

tenth the diameter of its orbit, nor is any orbit inclined more

than two or tliree degrees to the ecliptic. But the inclina-

tions of many of the small planets exceed ten degrees, and

the eccentricities frequently amount to a fourth of the radii

of their orbits. The result is that the same small planet is at

very different distances from the sun in various points of its

orbit. Add to this the fact that the mean distances of these

bodies from the L.an have a pretty wide range, and we shall

iind that they extend through u <|uite broad zone. The inside

edge of this zone seems pretty well marked, its distance being

about 180 millions of miles from the sun, or between 30 and

40 millions beyond the orbit of Mars. On the outside, it ter-

minates more gradually, but nowhere extends within 50 mill-

ions of miles of the orbit of Jupiter. If any of the small

planets ever ranged outside of certain limits, the attraction of

Mars or Jupiter was so great as to completely derange their

orbits, so that we have a physical law which sets a limit to the

zone; but whether the limit thus s^t would coincide with the

actual limit we cannot at present say.

There are also within the limits of the group certain posi-

tions, in which, if the orbits were placed, they woidd be greatly

changed by the action of Jupiter. These positions are those

in which the time of revolution would be t-ome simple exact

fi-action of that of Jupiter, as -J, -J, |, ^, etc. Professor Daniel

Kirkwood has pointed out the curious fact that there are gaps

in the series of small planets corresponding to these periodic

imes. Whether these gaps are really due to the relations of

the periodic times, or are simply the resnlt of chance, cannot

yet be settled. The fact that quite a number of the sniull

planets have a period very nearly three-eighths that of Jnuif';!',

may lead us to wait for further evidence before conclutling

that we have to deal witn a real law of nature in the cases

pointed out by Professor Kirkwood.

Number and Total Mans of the Small Planets.—At present it
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l8 not possible to set any certain limits to the probable number
of the small planets. Although a hundred and seventy-two
are now known, there is as yet no sensible diminution in the
rate at which they are being discovered. The question of
then- total number depends very largely on whether there is
any hunt to their minuteness. If there is no such limit, then
there may be an indefinite number of them, too small to be
found with the telescopes now engaged in searching for them-
a.id the larger the telescopes engaged in the search, the more
will be found. On the otiier hand, if they stop at a certain
linnt-say twenty miles in diameter—we may say with con-
siderable confidence that their total number is also limited
and that by far the largest part of them will be discovered
by the present generation of astronomers.
So far as we can now see, the preponderance of evidence is

on the side of the number and magnitude being limited. The
nidicationsin this direction are that the newlv discovered ones
are not generally the smallest objects whiJh could be seen
with the telescopes which have made the discovery, and do
not seem, on the average, to be materially smaller than those
which were discovered ten years ago. It is not likely that the
number of this average magnitude which still remain undis-
covered can be very great, and new ones Avill probably be
toiind to grow decidedly rare before another hundred are dis-
covered. Then it will be necessary to employ greater optical
power 111 the search. If this results in finding a nuiTiber of
new ones too small to be found with the former telescopes, we
shall have to regard the group as unlimited in number. But
If no such new ones are thus found, it will show that the end
has been nearly reached.

In gravitational astronomy, the question of the total mass
ot the small planets is more important than tliat of their total
mnnber, because on this mass depends their effect in altcrino-
the motions of the large planets. Any individual small plane*t
IS so imnute that its attraction on the other planets is entirely
insensible. But it is not impossible that the whole group
•niglit, by their combined action, produce a secular variation '
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in the form of the orbits of Mars and Jnpiter which, in tho
course of years, will be clearly shown by the observations;.

But, alth.ong]i accurate observations of these planets have been
made for more than a century, no such effect has yet been no-

ticed. The sum total of their masses must, therefore, be mucli
less than that of an average planet, though we cannot say pre-

cisely what the linn*t is. The apparent magnitude of those

which have been discovered is entirely accordant with the

opinion that the mass of the entire group is so small that it

cannot make itself felt by its attraction on the other planets

for many yeai-s to come. In fact, if their diameters be esti-

mated from their brightness, in the manner already indicated,

we shall find that if all that are yet known were made into a

single planet the diameter would be less than 400 miles; and
ii a thousand more, of the average size of those discovered

since 1850 should exist, their addition to the consolidated

planet would not increase its diameter to 500 miles. Sneli a

planet would be only ^^Vtr of the bulk of the earth, and, un-

less we supposed it to possess an extraordinary specific gravity,

could not much exceed ^Vtt of the mass of the earth, or ^V <'t'

the mass of Mercury. We may fairly conclude that nnless

the group of small planets actually consists of tens of thou-

sands of minute bodies, of which only a few of the briglitest

have yet been discoAcred, their total volume and mass are far

less than those of any one of the major planets.

The number of these bodies now known is so great that tlie

mere labor of keeping the run of their motions, so that the}'

shall not be lost, is out of proportion to the value of its resnlts

It is mainly through the assiduity of German students that

most of them are kept from being lost. Should many more

be found, it may be necessary to adopt the suggestion of f.u

eminent German astronomer, and let such of them as seem

unimportant go again, and pursue their orbit undisturbed bj

telescope or computer.
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CHAPTER ly.

THE OUTEK GKOUr OF PLANETS.

§ 1. The Planet Jiqnter.

JumKK is the ' giant planet " of our system, Ins mass lar-^e
IJ c«eed„,g that of all .he other pl/nets ombred S
lotatioa on h.s axis, his equatorial exceeds his polar dian.eter

Svhni'''' ^° ?'"""' ''* ^^"^^'^^ <•" «'«•"' ''bout 1300mes,,vh le m mass he exeeeds it about 213 times. His spe-tic gravity ,8, therefore, far less than that of the eart and

I 480
''•;•""'

f'T'- '''' ™» distance ft.omte

o,I,,t, his actual distance ranges between 457 and 603 mill-

Z ''™'"""" '" ^"y ""^-^ '-^^ "«"' twelve

I' l«;
'
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Jupiter is easily recognized by his brilliant white light, with

which he outshines every other planet except Venus. To fa-

cilitate his recognition, we give the dates of opposition during

a few years.

1888 May 21st.

1889 June 24th.

1890 July 30th.

1891 September 7th.

During the four years following 1891 he will be in opposi-

tion, on the average about five weeks later each year, namely,

about the middle of October, 1892, toward the end of No-

vember, 1893, and so on. A month or two before opposition

he can be seen rising late in the evening, while during the

three months following opposition he will always be seen in

the early evening somewhere between south-east and south-

west.

T/ie Surface of Jttpiter.—ExcGipt the sun and moon, there

is no object of our system which has during the last few ycai-s

been the subject of more careful examination than this [)lanet.

The markings on his surface are subject to changes so great

and rapid that a map of Jupiter is impossible. But this sur-

face always presents a very diversified appearano. The ear-

lier telescopic observers described light and dark belts as ex-

tending across it. Until a quite recent period it has been

customary to describe these belts as two in number, one north

of the equator and the other south of it. Commonly they are

seen as dark bands on the bright disk of the planet ; but it is

curious that Iluyghens represents them as brighter than the

rest of the surface. As telescopic power was increased, it was

seen that the so-called bands were of a far more complex

structure than had been supposed, and consisted of great

numbers of stratified, cloud-like appearances of the most va-

riegated forms. These forms change so rapidly that the face

of the planet may change in appearance on two successive

nights. They are most strongly jparked at some distance

on facli side of the Jovian equator, and thus give rise to tlic

appearance of two belts when a very small or imperfect tele-

scope is used.
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Both tho outlines of these belts and the color of some parte
of the planet, seem subject to considerable changes. The
equatorial regions, and indeed the spaces between" tho belts
generally, are often of a rosy tinge. This coloring is some-
tnnes so strongly marked as to be evident to the most snner-
Hcial observer, while at other times hardly a trace of it can be
seen.

Sj)ot8 which are much more permanent than the ordinary
markings on the belt are sometimes visible. By watchin^r
these spots from day to day, and measuring their position
upon the apparent disk, the time of rotation of Jupiter on his
axis bar, been determined. Commonly the spots are dark;
but on some rather rare occasions the planet is seen with a
number of small, round, bright spots like satellites. Of these
bright spots no explanation has been given.

7m. 8T._Vlew of Jnplter, as seen in Lord Rosse's great telescope on Febj-unrv 2Ttft.
1S61, at 12 hours 80 minutes,

Fi-om the changeability of the belts, and indeed of neai-ly all
the visible features on the surface of Jupiter, it is clear that
what we see on that planet is not the surface of a solid nu-
cleus, but vaporous or cloud-like formations which cover the
entire surface and extend to a great depth below. To all ap-
pearance, the planet is covered with a deep and dense atmos-
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l)lioie, through whicli light cannot penetrate on account of

thick masscB of ch^itls and vapor. In the arrangements ol

these clouds in streaks parallel to the equator, and in tlio

change of thoir forms witii the latitude, there may he some-

thing analogous to tho zones of c'ouds and rain on the earth.

But of late years it hp.s been notiv-ed that the physical consti

tution of Jupiter seems to offer more analogies to that of the

sun than to that of the earth. Like the sun, he is brighter in

the centre than licai ilio edges. This is shown in the most
striking iiianner in the transits of his satellites over his disk.

AVhen the satellite first enters on the disk, it commonly seeing

like a bright spot on a dark background ; but as it approaches

the centre, it appears like a dark spot on the briglit back-

ground of the planet. The brightness of the centre is prob-

ably two or three times greater than that of the limb. This

diminution of light towards the edge may arise, as in the case

of the sun, from the light near the edge passing through a

greater depth of atmosphere, and thus becoming fainter by

absorption.

A still more remarkable resemblance to the sun has soinc-

timcs been suspected—nothing less, in fact, than that Jupiter

shines partly by his own light. It was at one time supposed

that he actually emitted more light than fell upon him from

the sun ; and if this were proved, it would show conclusive-

ly that he was self-lunn'nous. If all the light which the snn

shed upon the planet were equally refleciud in every direction,

we might speak with some certainty on tl^s question ; but in

the actual state of our knowledge we cannot. Zollner has

found that the brightness of Jupiter may be accounted for by

supposing him to reflect 62 per cent, of the sunlight whicli he

receives. But if this is his average reflecting power, tho re^

fleeting power of his brighter portions must be much greater;

in fact, they are so bright that they must shine partly by their

own light, mdess they reflect a disproportionate share of the

sunlight back in the direction of the earth and sun. Clouds

would not be likely to do this. On the other hand, if we as-

sume that the planet emits any great amount of light, we are
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which formed tho spots a motion of then- own. In Novcinl»cr,

1834, a romarkiiblo Hpot was ohfjorvcd by Miidler, oi Dorpuf,

which lasted imtil tlio following April, from which the tiini!

of rotation came out 9 hours 55 minutes 30 seeondh.

The most persistent of these phenomena yet observed is tlio

noted "red Hpot," wliieh has been followed since 1870, and is

still visible, though very faint. For several yeai-s it was voiy

conspicuous. Whether it is destined to fade away eiitiicly,

or to continue as a permanent feature of the planet's sin-facc,

cannot yet bo determined. This spot is foimd to rotate in 1)

hours 55 minutes 40 seconds, but tho period changes slightly

from time to time.

Ileccnt observations and researches indicate that th() (Mpia-

torial regions of Jupiter rotate in less time, and with iiiore ii-

regularity, than tho othere, thus showing still another analogy

between that planet and the sun.

§ 2. 17ie Satellites of Jupiter.

One of the earliest telescopic discoveries by Galileo was

that Jupiter was accompanied by four satellites, which re-

volved round him as a centre, thus forming a miniature copy

of tho solar system. As in the case of spots on the sun, Gal-

ileo's announcement of this discovery was received with in-

credulity by those philosophers of the day who believed that

everything in nature was described in the writings of Aris-

totle. One eminent astronomer— Clavius— said that to see

the satellites one must have a telescope which would protlnce

them ; but he changed his mind as soon as he saw them him-

self. Another philosopher, more prudent, refused to put his

eye to the telescope lest he should see them and be con-

vinced. He died shortly afterwards. " I hope," said the cans-

tic Galileo, "that he saw them while on his way to heaven."

A very small telescope, or even a good opera-glass, is snf-

ficient to show these bodies. Indeed, very strong evidence is

on record that they have been seen with the naked eye. That

they could be seen by any good eye, if the planet were out of

the way, there is no doubt, the difficulty in seeing them ari&
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i..g from tl,o gl„,o of tho ,,lanet on tl,o c^o. If tl,« lcn,c» oftio ojo arc m, transparent and [.uro that there i« no snch
glare, ,t ,» qn.to ,K«»iblo that the two outer .atcllitos n„-.H,tl»^8eon, es,.c,an, it they should happen to be close t
Aecording to the be»t .letern.ination,, which are, howeve,

by no jnean, ccrlnin, the diameters of the satellites of Jupiter
range between 2200 and 3700 „,i|es,tho third fron, the nl'ane
cu,g tho largest, and tho second the snndlest. Tho vol, n,o ^fthe sn,a lest ,s, therefore, very near that of onr .no.,,,.
riK, l,ght of tl,eso satellites varies to an extent which it

.
d,lhe«lt to account fo,-, except by supposing very violc,

clumges constantly going on on their snAces. It iL so,,etnncs boon supposed that son.e of the,„, like onr „,o„„, ,dways
present the sa.no face to Jupite,-, and that the changes in IZbr,ll,a„cy are due to differences in the color of £0 pa,-ts oo^,tol ,tes wi,ich a,-e successively turned towai'ds us^d,, in"

of tl,e,r
1 ght .nade by Auwe,s, of Bc'lin.and Engehnann ofU.ps,c, show hat this hypothesis does not account fo techanges of br.lbancy, which a,'o so,noti,nes sudden in a sur!

pr.su,g degree. The satellites a,-e so distant as to elude tek-c p.e exam,nat.o„ of their su,.faces. Wo cannot, the.^fot,hope to g, vo any ce,-taia explanation of these changes.
The satcjlhtes of Jupiter offer p,.oble,ns of gre^t difficultv

to the >„athematician who attcnpts to c.tlculat°o the effiee ofr mutual ath-actions. The secular va,.iatio„s of their orl.lsa,-e so rap,d that the methods applied in the case of the
P a.,ets cannot be applied hero witlli.t .naterial a erat .^

acto,. M that the,'e ,s a connection between the motions offto three .nner satellites such as exists nowhere else in theBolar ^-stem. The connection is shown by these two laws

:

L Jha the mm« motion of the first satellite ad,ka to twice Ae

2. That if to the mean longitude of the first satellite toe add

: 1

^1
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twice the mean longitude of the third, and subtract three times the

mean longitude of the second, the difference is always 180°.

The first of these relations is shown in the following table

of tlie mean daily motions of the satellites

:

Satellite I. in one day moves 203^.4890

" II. " " 101°.;5748

" III. " " r)0^;'.i77

" IV. " " 2P.5711

Motion of Satellite 1 203^4890

Twice that of Satellite III 100°.(;:jr>-t

Sum 304M244

Three times motion of Satellite II 304°. 1244

It was first found from observations that the three satelhtea

moved toorether so nearly aceordino; to this law that no certain

deviation could be detected. But it was not known whether

this was a mere chance coincidence, or an actual law of nat-

ure, till Laplace showed that, if they moved so nearly in this

way as observations had shown them to, there ^vould be an ex-

tremely minute force arising from their mutual gravitation,

Bufficient to keep them in this relative position forever. There

is, in this case, some analogy,to the rotation of the moon,

which, being once started presenting the same face to the

earth, is always held in that position by a mijinte residual of

the earth's attraction.

We have already spoken of the discovery of the progressive

motion of light from the eclipses of these satellites, and of

the uses of these eclipses for the rough determination of

longitudes. Both the eclipses, and the transits of their bodies

over the face of Jupiter afford interesting sulijectfs of obser-

vation with a telescope of suflicient power, say four inches ap

erture or upwards. To facilitate such observations the times

of these phenomena are predicted in both the American and

British Nautical Almanacs.

§ 3, /Saturn and its System, Physical Aspect, Belts, Rotation.

Saturn is the sixth of the major planets in the order of dis-

tance from the sun, around which it revoives in 2D| years at
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..»- of .he planets .^::^.^^Zt^Z^
•' u'e':s.ow,„g l,at although Sat.m is „„t o„c-thi,,l the ,n "f

.n|l.. er, .t l,as ahont three tin.es the mass of tl e ix- Zetsivl.ieh are smaller tlrau itself nut to^etlie,- 1,7
' '

sjstem. Wlnlo „o other pla„et is known to have more T,.

Fia. S8.-View of Saturn and his riugs.

four satellites, Saturn has no less than eight. It is also snr.
louiKledby a pair of riiigs, the interior diameter of which is
a out 100,000 miles. The aspect of these rings is suhject to
.>ea yaruit.ons, for reasons which will soon^ appear. The
gre.it distance of the planet renders the study of its details

^
thcuit unless the highest telescopic power is applied. Tlie

tt TfT'T '^ Saturn, his ri.igs, and his satellites iso«on called the Saturnian System.
Tlic planet Saturn generally shines with the brilliancy of a
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moderate first-magnitude star, and with a dingy, reddlsli llglit,

as if seen through a smoky atmosphere. Its apparent Ijriglit-

ness is, however, different at different times: during tlie years

1876-1S79 it is fainter than the average, owing to its ring be-

ing seen nearly edgewise. From 1878 till 1885 it will con-

stantly grow brighter, on account both of the opening out of

the ring and the approach of the planet to its perihelion.

The times of opposition are as fellow :

1888 Iiinimiy 23d.

1889. . . .February 5th.

1890. . . .February l9th. | 1892 March 17tli.

1891 . . . .March 4th. I 1893. . . .March 30th.

In subsequent years opposition will occur about thirteen days

later every year, so that by adding this amount to the date for

each year the oppositions can be found until the end of the

century without an error of more than a few days.

The physical constitution of Saturn seems to bear a great

resemblance to that of Jupiter ; but, being twice as far away,

it cannot be so well studied. The farther an object is from

the sun, the less brightly it is illuminated ; and the farther

from the earth, the smaller it looks, so that there is a doublo

difficulty in getting the finest views of the more distant plan-

ets. When examined under favorable circumstances, the sur-

face of Saturn is seen to be dive.-sified with very faint niark-

jings ; and if high telescopic powers are used, two or mare

very faint streaks or belts may be seen parallel to its equator,

the strongest ones lying on, or very near, the equator. As in

the case of Jupiter, these belts change their aspect from time

to time, but they are so faint that the changes cannot be

easily followed. It is therefore, in general, difficult to say

with certainty whether we do or do not see the same face of

Saturn on different nights ; r.nd, consequently, it is only on

extraordinary occasions that the time of rotation can be de-

termined.

The first occasion on which a well-defined spot was known

to remain long enough on Saturn to determine the period of

its i-otation was in the time of Sir W. Herschel, who, from

observations extending over several weeks, found the time of
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TZ 1,''" "• '""? '" "'"""«'* No further o„p„rt„.

De.,e,„.er 7t„ 1876>,.„fe:lfSi;l ^l ^a^tH^ri
.1. .neasm.es of tl.e satellites of Satnn, with the Tc^ty^^h

ot t],e plane
. It seemed as if a.i immense eruption of whiteit matter had suddenly bu,.t np from the "^nte io T ,eF gradually spread itself ont in the direetion whil would

t > '7 "f. fT' '° "^ '° ••'^^'""^ "'« f«'™ of a Ion "lilt

end It cont.nued visible until January, when it beca„,e faim
... .ll-defiued, and the planet was lost in the rays ofX u

I......ed,ately upon the discovery of this re.narkable pit™in
0..0.,, .uessages were sent to other observe™ in variou.trof
the countly and on the lOtli it was seen by several oI«™who noted the time at whieh it crossed the centre of iTe d^k
... cousequenee of the rotation of the planet. f1„ all the

Oat ..„ to be 10 honre 14 m,„„tes, taking the bri..l test .nrt

n 1^ ^"''fV^'r'''
"^ ™ '>»™ ^-•'i.™ near" ™e endfad t le middle of the streak been taken the ti.ne would Ctben less beeanse the bright matter see.ned to be ea. Ldo..g m the direction of the planet's rotation. At ril inl

^:^^'^:Z^C" ''"-'™- '- -- -

§ 4. The Sings ofSaturn.
The most extraordinary feature of Saturn is the ma-nifieentten, of rings by which he is surronuded. To the ear^vl««pists who eould not command sufficient optical pow^!^«e«<actly what it was, this feat.ire was a source of'gi^at
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perplexity and difference of opinion. To Galileo it made the

planet appear triform—a large globe with two small ones af

fixed to it, one on each side. After he had observed it for a

year or two, he was greatly perplexed to find that the append-

ages had entirely disappeared, leaving Saturn a single roiuid

globe, like the oilier planets. His chagrin was heightened by

the fear, not nmiatnral under the circumstances, that the curi-

ous form he had before seen might be due to sonifi optical il-

lusion connected with his telescope. It is said (I do not know

on what authority) that his annoyance at the sui)posed decep-

tion into which he had fallen was so great that he never again

looked at Saturn.

A very few years sufficed to show other observers, who had

command of more powerful telescopes, that the singularity of

form M^as no illusion, but that it varied from time to time.

We give several pictures from Huyghens's Si/siema Saturnium^

showing how it was represented by various observers durini!;

the first forty yeai-s of the telescope. If the reader will com-

pare these with the picture of Saturn and his rings as they

actually are, he will see how near man}' of the observers came

to a representation of the proper a[)parent form, thougli none

divined to what sort of an appendage the appearance was

due.

The man who at last solved the riddle was Huyghcns, of

whose long telescopes we have already spoken. Exaniining

Saturn in March and April, 1655, he saw that instead of the

appendages presenting the appearance of curved handles, a3

in previous years, a long narrow arm extended straight out on

each side of the planet. The spring following, this arm had

disappeared, and the planet appeared perfectly round as Gal-

ileo had seen it in 1612. In October, 1G56, the handles had

reappeared, much as he had seen them a year and a lialf be-

fore. To his remarkably acute mathematical and mechanical

mind this mode of disappearance of the handles sufficed to

suggest the cause which led to their apparent form. Wiiitirig

for entire confirmation by future observations, he connnnnica-

ted his theory to his fellow-astronomers in the following com-
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never awaiii

iigularity of

lervers came

:liougli none

earaiR'O was

1014, "Bhowin- ears o S.tL •' t n^ ,"
'" ^'''°' "• ^'•"^^'°K ^y S<=heintn-. in

VI.. and VII areTl even ",dl^^^^
""'

^r'''"^'
*" ^'^'^ «"d 1W3: 1V.,V..

which the rings werrse^ A^^III aZl Xn T^"'-'':
»'« ""f^''""' «"S'o« "".ler

when tl>.3 ring was 4n at 'thi ™ w ' I K.cciolus, between 1G4S and lOSO,

the p.eudon/. or ^<i^^isx"i:^:^^Z:L:^tr''r^iBlancanus, and XIII. by P.^ciolus.'
Montana; XII. by Gassendi and

blmaion of letters, printed without explanation at the end of a
i'ttle pamphlet on his discovery of the satellite of Saturn:
aamaaa ccccc deeeeegh iuiiii llllmm nnnnnnnnn oooopp q rr s ttttt uuuuu,

whir h, .
.V perly arranged, read-

^
&.!dU.l by a thin piano ring, nowhere touching, inclined to the ecliptic).

pn^f'^'^S''"*^!^''"
'*' re.narkably complete and accurate ; and

enabled Hujghens to give a satisfpctoiy explanation of the
24

IN
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various phases which the ring had assumed as seen from the

earth. Owing to tho extreme thinness and flatness of tlie ob-

ject, it was completely invisible in the telescopes of that time

when its edge was presented towards the observer or towards

the sun. This happens twice in each revolution of Saturn, i'l

much the same way that the earth's equate., is twice directed

towards the sun in the course of the year. The ring is in-

clined to the plane of the planet's orbit by 27°, corresponding

to the angle of 23^° between the earth's equator and tlio

ecliptic. The general aspect from the earth is very near the

same as from the sun. As the planet revolves around the

sun, the axis and plane of the ring preserve the same absolute

direction in space, just as the axis of the earth and the plane

of the equator do.

When the planet is in one part of its orbit, an observer at

the sun or on the earth will see the upper or northern side of

the ring at an inclination of 27°. This is the greatest angle

at which the ring can ever be seen, the position occurring

when the planet is in 262° of longitude, in the constellation

Sagittarius. Wiien the planet has moved through a quarter

of a revolution, the edge of the ring is turned towards the snn,

and, owing to its extreme tJiinness, it is visible only in the

most powerful telescopes as &n exceedingly line line of light,

fitretching out on eacli side of the planet. In this position the

planet is in longitude 352°, in tho constellation Pisces. When

the planet has moved 90° farther, an observer on the snn or

earth again sees the ring at an angle of 27°
; but now it is the

lower or southern side which is visible. The planet is now in

longitude 82°, between the constellations Taurus and Gemini.

When it has moved 90° lirther, to longitude 172°, in the con-

stellation Leo, the edge of the ring is again turned towards

the earth and sun.

Thus there are a pair of opposite points of the orbit of Sat-

urn in which tho rings are turned edgewise to us, and another

pair half-way between the first in which the ring is seen at

its maximum inclination of about 27°. Since the planet per-

forms a revolution in 29^ years, these phases occur at average
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intervals of about seven years and four months. The follow-
ing are some of the times of their occurrence

:

1870. The planet being between Scorpio and Sagittarius,
the rmg was seen open to its greatest breadth, the north side
being visible. The same phase recurs at the end of 1899
1878 (February 7th). The edge of the ring was turned to-

wards the sun, so that only a thin line of light was visible.
IJie planet was then between Aquarius and Pisces.
1885.^ The planet being in Taurus (the Bull) the south side

of the rings was seen at the greatest elevation.
1892. The edge of the ring is again turned towards the sun,

the planet being in Leo (the Lion).

Owing to the motion of the earth, the times when the edcre
of the ring is turned towards it do not accurately correspond
to tliose when it is turned towards the sun, and the points of
Saturn's orbit in whioh this may occur range over a space of
several degrees. The most interesting times for viewino- the
rings with powerful telescopes are on those rare occasions
when the sun shines on one side of the ring, while the dark-
side is directed towards tlie earth. On these occasions the
plane of the ring, if extended out far enough, Avould pass be-
tween tlie sun and tlie eartli. This was the case betweuu Feb-
ruary 9th and March 1st, 1878 ; but, unfortunately, at that time
tiie earth and Saturn were on opposite sides of the sun, so that
the planet was nearly lo2t in the sun's rays, and could be ob-
served only low down In the west just after sunset. In 1891
file position of Saturn will be almost equally unfavorable for
the observation in question, as it can be made only in the early
mornings of the latter part of October of that year, just after
Saturn has risen. In fact, a good opportunity "will not occur
till 1907. In northern latitudes the finest telescopic views of
Satnrn and his ring may be obtained between 1881 and 1889,
because during that interval Saturn passes his perihelion, and
also the point of greatest northern declination, while the ring
IS opened out to its widest extent. In fact, these three most
favorable conditions all fall nearly together during the years
1881-'85. .

"^ ° o J
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After Iluyghens, the next step forward in discoveries on
Saturn's ring was made by Cassini of Paris, who found in 1675
that there were really two rings, divided by a narrow dark
line, now commonly called Cassini's division. The breadth of
the rings is very unequal, the inner ring being several times

broader than the outer one. A moderate - sized telescope ia

sufficient to show this division near the extreme points of the

ring if the atmosphere is steady , but it requires both a larn-e

telescope and tine seeing to trace it all the way across that

part of the ring which is between the observer and the ball of

the planet. Other divisions, especially in the outer ring, have

at times been suspected by various observers, but if they real-

ly existed, they must have been only temporary, forming and

closing up again.

In December, 1850, the astronomical world was surprised

by the announcement that Professor Bond, of Cambridge, had

discovered a third ring to Saturn. It lay between the rings

already known and the planet, being joined to the inner edge

of the inner ring. It had the appearance of a ring of ci'apo,

being so dark and obscure that it might easily have been

overlooked in smaller telescopes. It was seen in England by

Messrs. Lassell and Dawes before it was formally announced

by the Bonds. Something of the kind had been seen by Dr.

Galle, at Berlin, as far back as 1838; but the paper on the

subject by Encke, the director of the observatory, did not de-

scribe the appearance very clearly. Indeed, on examining the

descriptions of observers in the early part of the eighteenth

century, some reason is found for suspecting that they saw

this dusky ring ; but none of the descriptions are sufficiently

definite to establish the fact, though it is strange if an object

so plain as this ring now is should have been overlooked by

all the older observers.

The question whether changes of various sorts are going ou

in the rings of Saturn is one which is still unsettled. Tliere

is some reason to believe that the supposed additional divis-

ions noticed in the rings from time to time are only errors of

vision, due partly to the shading which is kno^vn to exist on
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various part, of tl.e ru.g. % referenco to the diagram of
Saturn, it will be seen that the outer ring has a shaded line
extending around it about two-thirds of the way from its in-
ner to Its outer edge. This line, however, is not fine and
siinrp, like the known division, but seems to shade oflf gradual,
ly towards each edge. As observers who have supposed them-
selves to see a division in this ring saw it where this shaded
u,3 IS and do not speak of the latter as anything distinct
from the former there is reason to believe that the^ mistook
Ins permanent shading for a new division. The inner rinc is
br,^]itest near its outer edge, and shades oif gradually towal-da
.
s m„er edge. Here the dusky ring joins itself to it, and ex-

tends about half-way in to the planet
As seen with the great Washington equatorial in the au-

>'rnn of 1874, there was no great or sudden contrast be-
ween the inner or dark edge of the bright ring and the out-
r edge of the dusky ring. There was some suspicion that

the one shaded into the other by insensible gradations. No
one could for a moment suppose, as some observers have, that
there was a separation between these two rings. All these
considerations give rise to the question whether the dusky
ring may not be growing at the expense of the inner bright
ring. o

A most startling theory of changes in the rings of Saturn

n hat the inner edge of the ring was gradually approach-
nig he planet m consequence of the whole ring spreadino- i„-
vards, and the central opening thus becoming smaller. ^The
data on which this theory was founded were the descriptions
>.d Irawings of the rings by the astronomers of the seven-
oenth century, especially Huyghens, and the measures ox-

by later astronomers up to the time at which Struve

I?;
^^'' '''^^^^* ^^^^^^^ ^'i« 'V^^^ between the ring and the

Phinet was dimmishing seemed to be about 1".3 per century
ihe following are the numbers used by Struve, which are de-
duced from the descriptions by the ancient observers, and the
measures bj' the modern ones

:

¥i\
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Year.
PUUnrr lii'twcfh

RInx «n<l I'Ungt. ItluK.

}luvst\\enn 1057
l(i!»5

171!)

1 7!»!)

182t;

1 SliH

1851

0.5

<).()

5.4

5.12

4.aG

4.04

3.07

4.0

5.1

5.7

5.!)8

0.74

7.00

7.4«

IliiyKiieim and (^iisHiiii

Mi'iidluv

Hci'scliol

W Struve

Kncke mid Gnllc

Otto Struve

If these estimates and measures were certainly accurate,

they would place the fact of a progressive approach of tlio

rings to the ball beyond doubt, an approach which, if it con-

tinued at the same rate, would bring the inner edge of the

ring into contact with the planet about the year 2150. Ihit

in measuring sucdi an object as the inner edge of the ring of

Saturn, which, as we have just said, seems to fade gradually

into the obscure ring, different observers will always ol)tiiiii

different results, and the differences among the four ol).sorv-

ers commencing with W, Struve nre no greater than arc often

seen in measuring an object of kucU uncertain outline. Hence,

considering the great improbability of so stupendous a cosmi-

cal change going on with so much i-apidity, Struve's theoiy has

always been viewed with doubt by other astronomers.

At the same time, it is impossible to reconcile the descrip-

tions by the early observers with the obvious aspect of tiio

ring as seen now without supposing some change of the kind.

The most casual observer wlio now looks at Satin-n M-ill see

that the breadth of the two bright rings togetlier is at least

half as 'great again, if not twice as great, as that of the dark

space between the inner edge of the bright ring and the plan-

et. But Iluyghens describes tlie dark space as about eqiKil

to the breadth of the ring, or a little greater. Supposing the

ring the same then as now, could this error have arisen from

ihe imperfection of his telescope ? No ; because the effect of

the imperfection would have beer directly the opposite. The

old telescopes all represented planets and other brigbt objects

too large, and therefore would show dark spaces too small,

owing to the irradiation produced by their imperfect g. asses.

A strong coniirmation of Struve's view is found in the old
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picfnres given ,n Fig. 89 by those observe.-s wlio could not
elcnrly make out the ring. In nearly all cases the dark spaces
«-ero inoi-e conspicuous than the edges of the rin.r But if
we now look at Saturn through a voiy bad at.nosphel-o, though
the elliptical outline of the ring n.ay be clearly made oSt,
the dark space will be almost obliterated by the encroachment
of the light of the planet and ring upon it. The question is,
1.erefore one of those the coniplete solution of which must
be left to fjiture obscrsers.

% 5. Comtitution of the Ring.

The difficulties which investigators have met with in ac-
conntmo; for the rings of Saturn are of the same nature as
those we have described as arising from spectroscopic discov-
eries .ospecting the envelopes of the sun. Thoy illustrate the
philosophic maxim that surprise-in which term we may in-
cl;.de all difficulty and perplexity which men meet with in
seeking to account for the phenomena of nature-is a result
ot partial knowledge, and cannot exist either with entire i--
norance or complete knowledge. Those mIio are perfcctfy
.giiorant are surprised at nothing, because they expect noth-
ing, while perfect knowledge of what is to happen also pre-
cludes the same feeling. The astronomers of two centuries
ago saw nothing surprising in the fact of a pair of rii.o-s sur-
rounding a planet, and accompanying "t in its orbit, because
they were not acquainted with the elTects of gravitation on
sucli bodies as the rings seemed to be. But when Laplace in-
vestigated the subject, he found that a homogeneous and
uniform ring surrounding a planet could not be in a state
ot stable equilibrium. Let it be balanced ever so nicely, the
shghtest external force, the attraction of a satellite or of a
distant planet, would destroy the equilibrium, and the ring
would soon be precipitated upon the planet. He therefore
remarked that the rings must have irregularities in their
torm, such as Herschel supposed he had seen; but he did
not investigate the question whether with those irregularities
the equilibrium would really be stable.

W
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The question was next taken up in this country by Profees«

ors Peirce and Bond. The latter started from the supposed
result of observations— that new divisions show themselves

from time to time in the ring, and then close up again. He
thence inferred that the rings must be fluid, and, to confirm

this view, he showed the impossibility of even an irreo-ular

solid pair of rings fulfilling all the necessary conditions of

stability and freedom of motion. Professor Peirce, taking im
the same subject from a mathematical point of view, found

that no conceivable form of irregular solid ring would be in a

state of stable equilibrium; he therefore adopted Bond's view

that the rings were fluid. I'ollowing up the investigation

he found that even a fluid ring would not be entirely stable

without some external support, and he attributed that support

to the attractions of the satellites. But as Laplace did not

demonstrate that irregularities would make the ring stable, so

Peirce merely fell back upon the attraction of the satellites as

a sort of forlorn hope, but did not demonstrate that the fluid

ring would really be stable under the influence of their attrac-

tion. Indeed, it now seems very doubtful whether this at-

traction would have the effect supposed by Peirce.

The next, and, we may say, the last, important step was

taken by Professor J. Clerk Maxwell, of England, in the

Adams prize essay for 1856. He brought forward objections

which seem unanswerable against both the solid and the fluid

ring, and revived a theory propounded by Cassini about the

beginning of the last century.* This astronomer considered

the ring to be formed by a cloud of satellites, too small to

be separately seen in the telescope, and too close together to

admit of the intervals between them being visible. This is

the view of the constitution of the rings of Saturn now most

generally adopted. The reason wliy the ring looks solid and

continuous is that the satellites are too small and too numerous

to be seen singly. They are like the separate little dro[)s of

* See Memoirs of the French Academy of Sciences for 1716, p. 47 ; or Cas-

Bini's "Clemens d'Astronoini».,"p. 338, Paris, 1740.
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of the particles, w Ih 5 o ' 1^7 i" ",
''"" '" "'" P^™'''>-

.0 be seen th™,g Th r." slt^^^^^
"' "'" ^''•^•

swo,.ed .„„il f,„.S,e.. obl^va' rnlToZdt'Ln e"'^
""

demnce of evidence fav„,-s tl.o view «>»; M,„
'^!''?°"-

Hng is opaque, and that the darkXdi I is dlT r'
,'"''^'"

darker color of that part of the . uo- fndeed fT
^^

^./"
"

»e certainly know, the whole rin>,„av be Ir ""^
""f

opaii.ie,the darker shade of some mJ^ ^- "<'"';""«'« "'"l

particles being there btek i7^ Tr'"^>
''^ *"'" ""^

"nch.sively the qnestions .l^thtli,Jt^' ^f :r:;^'""

pport„„,ty for seeing a bright stlr through ,1 , Lte, yet pi^sented itself. The most obvious way of seul n»

, CllTfrr '° "",''"*^' ""»" "'^ '» -tie whe 1.?

iSi IfH T ^ '"'" ""°"S'' '" >"' *>"« i^ much more

pf." t ri,""° T^ '"^^'^^' """S to the ill-defined aZ

HuL . ^f
,The testimony of both tassell and Tronve-

n b t H "f
"'" "'="" """ «"^ ""« •= P-tially tmns Ir-

^g • opetd :.ut'" "
• T'" r"'

'" "'' -l-'"^<''when'tL
fe

J8 opened out to our siglit after 1S82.

§ 6. ne Satellites of Saturn.

160^'ho/^"^'^^^'"'
commenced his observations of Saturn in

enabled iiun to recognize as a satellite revolvino- round \t^abo..t fifteen days. I„ his " S.stema Saturn Z^ he en"red to express the opinion that this discovery completed the

I,
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solar system, which now comprised six planets (Saturn heing

then the onterniost known planet) and six satellites (one of

the earth, fonr of Jupiter, and this one of Saturn), making

the perfect number of twelve. He was, therefore, contident

that no more satellites were left to discover, and through fail-

ing to search for others, he probably lost the honor of addi-

tional discoveries.

Twelve years after this prediction, Cassini discovered a sec-

ond satellite outside that found by Iluyghens, and within a

few years more he found three othei-s inside of it. The dis-

covery of four satellites by one astronomer was so brilliant a

result of French science that the Government of France

struck a medal in commemoration of it, bearing the inscrip-

tion Saturni Satellites primum cogniti. These five satellites

completed the number known for more than a century. In

1789 Ilerschel discovered two new ones still nearer the nm
than those found by Cassini. The space between the ring and

the inner one is so small that the satellite is generally invisible,

even in the most powerful telescopes. Finally, in September,

1848, the Messrs. Bond, at the Observatory of Harvard Col-

lege, found an eighth satellite, while examining the ring of

Saturn. By a singular coincidence, this satellite was found by

Mr. Lassell, of England, only a couple of nights after it was

detected by the Bonds. The names which have been given to

these bodies are shown in the following list, in which the sat-

ellites are arranged in the ora<. of their distance fi'oin the

planet. The distances are given in semidianieters of Saturn.

More exact elements will be found in the Appendix to this

voluiiie.

No. Name.
Distance from

Planet.
Discoverer. Date.

1 Mimns 3.3 Heischel.

.

1789, Septen-.ber I'tli.

2 Enceladus. 4.3 Ilerscliel.

.

1789, August 28tli.

3 Tethys 5.3 Cassini.,.. 1684, Mrticli.

4 Dione 6.8 Cassini.... 1684, Maicli.

5 Khea 9.5 Cassini .... 1672, December 2;ii].

G Titan 20.7 Huyghens. 1655, Miiicli 25tli.

7 Ilvpeiion

.

26.8 Bond 1848, September Uitli.

8 Jnpetus.... 64.4 Cassini .... 1671, October.
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Tlie brightness, oi- ratlior, the visibility, of tbese satellite

: rwm z: rT ^^
f"-

'^^-™"^' Ti.or.aS'

!

cscopc ivill show Titan, and ono of very moderate size willshow Japetus in the western part of its "^rbi Fo ,r or fienchcs aperture will show Rhea, and perhaps Tethy a^d Dion
,
while seven or eight inches are recpmld for Enceladu

'

and even with that aperture it will nrobahlv 1,» T ,""''"''

«^, ut of thediflioulty of distinguisLgirfrrL il^^AI these satellites, except Japetus, revolve very uearirittlie plane oi the ring. Consequently, when th. fdTof tl

"

nng IS turned towards the earth, the satellites seem to s vtfro... one side of the planet to the other in a st«iX 1 L mf
Til :r ff

"^'"
f'' "' *" ''•"«' '*« beads a Ir g

Japetus, the outer satellite of all ''exliihi>« fl,:> , i ,

,

Deciilfnnfv fi,„i. ,.1 -I . '
^'"^"iLtics tliis reiiiaikab e

§ 7. Uimius and its Satellites.

tanc^^'^f

"''
*!'," "''^ ^'^'"'^ ^^^'^"^ Saturn, is at a mean dis.tance from the sun of about 1770 millions' of miles, and ^r.
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forms a revolution in 84 yeare. It shines as a star of tlie sixth

inaj>-nitude, and can therefore be seen with the naked eve, if

one knows exactly where to look for it. It was in ()[)i)osition

February 20th, 1879, and the time of opposition during ilie

remainder of the present century may be found by addiiii; 4^

days for every year subsequent to 1879. To find it readily,

either with a telescope or the naked eye, recourse nnist be iiad

to the Nauiical Almanac, where the ])osition (right ascension

and declination) is given for each day in the year.

Of coui*8e the smallest telescopes will show this planet as a

star, but to recognize its disk a magnifying power of at least

100 should be used, and 200 will be necessai-y to any one who

is not a practised observer. As seen in a large telescope, the

planet has a decided sea-green color. Very faint markings

have been seen on the disk by Professor Youiii!;, though no

changes due to an axial rotation could be established ; but it

mav be regarded as certain that it does rotate in the same

plane in which the satellites revolve around it.

Discovery of Uranus.— This planet was discovered by Sir

William Ilerschel, in March, 1781. Perceiving by its disk

that it was not a star, and by its motion that it was not a neb-

ula, he took it for a comet. The possibility of its being a new

planet did not at first occur to him ; and he therefore com-

municated his discovery to the Eoyal Society as being one of

a new comet. Various computing astronomers thereupon at-

tempted to find the orbit of the supposed comet, from the ob-

servations of Ilerschel and others, assuming it to move in a

parabola, like other comets. But the actual motion of the

body constantly deviated from the orbits thus computed to

such an extent that new calculations had to be repeatedly

made. After a few weeks it was found that if it moved in a

parabola, the nearest distance to the sun must be at least four-

teen times that of the earth from the sun, a perihelion distance

many times greater than that of any known comet. This an-

nouncement gave the hint that some other hypothesis must be

resorted to, and it was then found that all the observations

could be well represented by a circular orbit, with a radius
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nineteen times that of the earth's orbit. The objeet was, there.£o,^ a planet n,c,v,ng „t double the distance of SatnrnW,tb a commendable feeling of gratitude towards the myalpatron who had afforded him the means of n.akino. hisTcovenes, llerscliel iM-onospH ^r. /.all *i , '^

»„(the Starof tirGeori ^ tL '"" ''''"'°' ""'^"'^
r„ • „

"^ "It- vjeoiges). lias name, contracted to "thete<.rg,an," was employed in England nntil 1850, but nctrcan,e mto nso on the Continent, lalande thought tie ml

on the gronnd that the most distant body of our system mj,'
!.o l-mperly named after the oldest of thegX ^
After the elliptic orbit of the planet h.ad been aecuratelvcoinjmted, and its path mapped out in the h<.«v„„,

^
fo,n,d that it had been seen "surprisL; n mbero":imfsZ»tar unhout the observers having entemined any susrion „?

declination, or both^bnt hadtt it n ti;i;t rnt's" 'T

: : au-fnr^:^ b::r:^"p-^^^
«, the am observathT beTn"t cTo"

"™/'"" '"^
^'r"

fore the discovery by Hersel e? if,
"' ^^^ " """""'^ ''"

'.V, it bad been obsen-ed S^t V •
" "f ^^"«'dina-

I^Mo„„ier,of Pa^Cin D ?'mb':ri7e8 ™Pf/~'°» "j

Uad that astronomer merely tdentw' "n ^"""T'
"*'*•

:}t:LT:vit:ra^l:^-^^^^
&«(« of Umnm.~ln January and February irsT-hel fonnd that Uranns was accompanied by twi ^1'l"e.,of whch the inner performed a ..volntion inVuttle ll

«
' *
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than nine clays, and tho outer in tl.irteen days and a half.

The existence of these two satellites was well authenticated

by his observations, and they have been frequently obsor\eu

in recent times. They can be seen with a telescope of one-

foot aperture or upwards. Afterwards Ilerschel made a very

assiduous search for other satellites. He encountered many

difficulties, not only from the extreme faintness of the objects,

but from the difficulty of deciding whether any object he

might see was a satellite, or a small star which happened to

be in the neighborhood. He at length announced the probable

existence of four additional satellites, the orbit of one beiny

inside of those of the two certain ones, one between them, and

two outside them. This made an entire number of six; and

though the evidence adduced by Hei-schel in favor of the ex-

istence of the four additional ones was entirely insufficient.

and their existence has been completely disproved, they lignre

in some of our books on astronomy to this day.

For half a century no telescope more powerful than that of

Ilerschel was turned upon Uranus, and no additional light was

thrown upon the que* 'ion of the existence or non-existence of

the questionable objects. At length, about 1846, Mr. William

Lassell, of England, constructed a reflector of two feet aper-

ture, of which we have already spoken, and of very excellent

definition, which in optical power exceeded any of the older

instruments. With this he succeeded in discovering two new

satellites inside the orbits of the two brighter ones,* but found

no trace of any of the additional satellites of Ilerschel. In the

climate of England, he could make oily very imperfect obser-

vations of these bodies ; but in 1852 he moved his telescope

temporarily to Malta, to take advantage of the purer sky of

that latitude, and there he succeeded in determining their or-

bits with considerable accuracy. Their times of revolution

are about 2^ and 4 days respectively. They may fairly be

* These difficult objects were also sought for by Otto Struve Avith tlic tifteen-

inch telescope of the Pulkowa Observatory, and occasional glimpses of tlieiii were.

he believed, attained before they were certainly found by Mr. Lassell, but he wuj

not able to follow them so continuously as to fix upon their times of revoliiticn.
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regarded as the most diffienlt known objects in the planetarv
6)steni; nideed, it is only with a few of the most powerful
telescopes in existence that they have certainly been seen
Ihe non-existence of Ilerschel's suspected satellites is proved

by the fact that they have been sought for in vain, both with
ilr.Lassells great reflectors and with the Washington twen-
ty-six-uich refractor, all of which are optically more powerful
than the telescopes of Ilerschel. There may be additional
satellites which have not yet been discovered

; but if so they
must be too faint to have been recognized by Ilerschel

'

Pro
fessor llolden, of the Naval Observatory, has sought to show
tJiat some of Ilerschel's observations of his supposed inner sat-
ellites were really glimpses of the objects afterwards discov-
ered by Mr. Lassell. This he has done by calculating the po-
sitions of these inner satellites from tables for the date of
each of Ilerschel's observations, and comparing them with the
position of the object noted by Ilerschel. In four rases the
agreement is sufficiently close to warrant the belief tiiat Iler-
schel actually saw the real satellites; but Mr. Lassell attributes
these comcideuces to chance, and contests Professor Ilolden's
views,

Tiie most remarkable peculiarity of the satellites of Uranus
IS tlie great inclination of their orbits to the ecliptic. Instead
of being inclined to it at small angles, like the orbits of all
the other planets and satellites, they are nearly perpendicular
to It; indeed, in a geometrical sense, they are more than per-
pendicular, because the direction of the motion of the satel-
lites in their orbits is retrograde. To change the i)osition of
the orbit of an ordinary satellite into that of the orbits of
these satellites, it would have to be tipped over 100° ; so that,
supposing the orbit a horizontal plane, the point correspond^
mg to the zenith would be 10° below the horizon, and the up-
per surface would be inclined beyond the perpendicular, so as
to be the lower of the two surfaces.

Observations of the satellites afford the only accui-ate way
o| determining the mass of Uranus; because, of the adjoining
planets, Saturn and Neptune, the observations of the first are

":!'?

,',} *..*•}'



866 THE SOLAR SYSTEM.

ilM

\ 1

,1 .1

too uncertain and tlioco of tlio last too recent to give any cer

tain roHult. Measures made with the great Washington telo

scope show this mass to be -j^lTnr ; a result which is probabh

correct within ^^ part of its whole amount.*

§ 8. Neptune and its Satellite.

The discovery of this planet is due to one of the boldest and

most brilliant conceptions of modern astronomy. Tiie planet

was felt, as it were, by its attraction upon Uranus; and its di-

rection was thus calculated by the theory of gravitation befurt

it had been recognized by the telescope. An observer was

told that if he pointed his telescope towards a certain point in

the heavens, he would see a new planet. lie looked, and tliere

was the planet, witlnn a degree of the calculated place. It is

difficult to imagine a more striking illustration of the certain-

ty of that branch of astronomy which treats of the motions of

the heavenly bodies and is founded on the theory of gravi-

tation.

To describe the researches which led to this result, we shall

have to go back to 1820. . In that year, Bouvard, of Paris,

prepared improved tables of Jupiter, Saturn, and Uraiuis,

Nvhicli, althou^i;h now very imperfect, have formed the basis of

most of the calculations since made on tho motions of those

bodies. He found that while the motions of Jupiter and Sat-

urn were fairly in accord with the theory of gravitation, it

was not so with those of Uranus. After allowing for tlie j)er-

turbations produced by the known planets, it was impossible

to find any orbit which would satisfy both the ancient and the

recent observations of Uranus. By the ancient observations

we mean those accidental nes made by Flamsteed, Le Mon-

nier, and others, before the planetary character of tho object

was suspected ; and by the recent ones, those made after the

discovery of the planet by Herschel, in 1781. Bouvard. there-

fore, rejected the older observations, founding his tables on the

modern ones alone; »nd leaving to future investigators the

* WaBhington Observations for 1873 : Appendix.

i.
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q..c«tion wl.ether tl.e difH.nlfv of roconcilinc. tl.o two sy.toms
Hiose fro.,1 the ina,.o.nacy of the at.cient observatii.ns, ov from
tlio action of so.ne extraneous infl.ience upon the planet.
Only a few years olapsed, when the planet be^.ui to deviate

n;m the tables of Bonvard. In 1830 the error an>onnted to
^0

;
m 1840, to 90"; „, 1844, to 2'. From a non-astro-

.M-ncal i>oint of view, these deviations were very nn'nnte
1
ad two stars moved in the heavens, the one in'the place

of the rea planet, the other in that of the calculated planet,
•t wo.ild have been an eye of wonderful keem.ess which
could have d.sfnguished the two from a sincrle star, even in
1S44. 13ut, magnified by the telescope, it^'s a lar-e and
easily measurable quantity, not for a moment to be m-lect-

.0(1. The probable cause of the deviation was someti.nes a
81. >iect of discussion among astronomers, but no very .IcHnite
views respecting it seem to have been entertained, nor did
any one express the decided opinion that it was to be attril>
ntcd to a trans-Uranian planet, natural as it seems to us such
an opmion would have been.

In 1845, Arago advised his then young and nnknown friend
Leveirier, whom he knew to be an able mathematician and
an ppert computer, to investigate the subject of the "inotions
ot L ran us. Leverrier at once set about the task in the most
jstcmatic manner. The first step was to make sure that the
deviations did not arise from erro;3 in Bouvard's theory and
tab es; he therefore commenced with a careful recompulation
of the perturbations of Uranus produced by Jupiter and Sat-
iii», and a critical examination of the tables. The result was
Hie discovery of many small erroi-s in the tables, which, hov.-
^ver, were not of a character to give rise to the obserN ed d,--
viations.

Tl.e next question was xvhether any orbit could be assigned
JIncli, after making allowance for the action of Jupiter and
Saturn, would represent the modern observations. The an-
Bwei- was m the negative, the best orbit deviating, fi,-st on one
de and then on the other, by amounts too great to be attrib-

"tod to errors of observation. Supposing the deviations to be
^*

25

n

iki

ik&. fiita
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dno to the nttractloii of some unknown planet, Lcvcrrler next

incjuircd where this planet must he situated. Ita orhit could

not lie hctween tluwo of Satin-n and IJramis, hecause thi>n it

would disturh the motions of Saturn as well as those of irninns.

Outside of Uramis, therefore, the planet must bo looked for,

and probably at not far from double the distance of that

body ; this being tlio distance indicated by the law of Titiiw

Complete elements of the orbit of the unseen planet were

finally deduced, makinj^ its longitude 325° as seen from the

earth at the beginning of 1847. This conclusion was reached

in the summer of 1846.

Leverricr was not alono in reaching this result. Tn 1843,

Mr. John C. Adams, then a student at Cambridge University,

England, having learned of the discordances in the theory of

Uranus from a report of Professor Airy, attacked the sjiirie

problem which Leverrier took hold of two years later. In

October, 1845, he communicated to Professor Airy elements

of the planet so near the truth that, if a search had beei> made

with a large telescope in the direction indicated, the i)liiiict

could hardly have failed to be found. The Astronomer lloyal

was, however, somewhat incredulous, and deferred his search

for further explanations from Mr. Adams, which, from suiiiu

unexplained cause, he did not receive. Meanwhile the phinet,

which had been in opposition about the middle of August,

was lost in the rays of the sun, and could not bo seen before

the following summer. A most extraordinary circumstunce

was that nothing was immediately published on the subject of

Mr. Adams's labors, and no eifort made to secure his right to

priority, altiiough in reality his researches preceded tliosc of

Leverrier by nearly a year.

In the summer of 1846, M. Leverrier's elements appeared,

and the coincidence of his results with those of Mr. Adams

was so striking, that Professor Challis, of the Cambridge Ob-

servatory, commenced a vigorous search for the planet. Un-

fortunately, he adopted a mode of search which, altiiough it

made the discovery of the planet certain, was extremely la-

borious. Instead of endeavoring to recognize it by its disk,
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ho sought to detect it by its motion a.non^. the stars -a
course which reqinroa all the stars i„ the .roighborhood tohave their pes. lor.s repeatedly determined, so as to find
wincli of tliem had chaiige.l its position. Observations of
the planet as a star were actually made on August 4th, 1846

M ;'f n-
?" ^''^''"' ^^''•' ^"' '^'"'^ observations, owSn. to'Mr Uialliss other engagements, were not reduced, and so the

fact that he planec was observed did not appear. IJis mode
of proceeding was much like that of a man wiio, knowing thatyi.amond had dropped near a certain spot on the sea-beach,
MKH.ld remove all the sand in the neighborhood to a conven-
.ent place for the purpose of sifting it at his leisure, and
should thus have the diamond actually in his possession with-
out being able to recognize it.

Early in September, 1846, while Pix.fessor Challis was still
jork.ng away at his observations, entirely unconscious that
the great objec^ of search was securely imprisoned in the pen-died figures of his note-book, Leverrier wi-ote to Dr. Galle atherhn, suggesting that he should try to find the planet.

'

Itappened that a map of the stars in the region occupied byle^anet was just completed, and on pointing the telescope
he Berlin Ob.ervatoij, Galle soon found an object win hmd a planetary disk, and was not on the star map. Its r^si-

tion was carefully determined, and on the night following, itwas re-exanuned, and found to have changed its place among
es ars. No further doubt could exist that the long-sought

or planet was found. The date of the optical disco^^ery t-as

Sb'oM? Vi''f- ^-^ "^"^ ^^^^•''^^ Professor Challis

obser^atlons of die planet, made nearly two months before
As between Leverrier and Adams, the technical right of

hrP '^A T'"/''^"^
investigation lay with Leverrier, al-

tl'oigii Adams had preceded him by nearly a year for the
onble reason that the latter did not publish his result's before

chscovery of the planet, and that it was by the directions
L merrier to Dr. Galle that the actual discovery M'as made.m tins does not diminish the credit due to Mr. Adams foi

ri

;:i
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his boldness in attacking, and his skill in successfully solving,

60 noble a pi-obleni. The spirit of true science is advancing

to a stage in which contests about ijriority are looked upon as

below its dignity. Discoveries are made for the benefit of

mankind; and if made independently by several persons, it is

fitting that each should receive all the credit due to success in

makino" it. We should consider Mr. Adams as entitled to the

same unqualified admiration which is due to a sole discoverer;

and whatever claims to priority he may have lost by the more

fortunate Leverrier will be compensated by t>e sympathy

which must ever be felt towards the talented young student

in his failure to secure for his work that immediate publicity

which was due to its interest and importance.

The discovery of Neptune gave rise to a series of research-

es, in which American astronomers took a distinguislicrl part.

One of the firet questions to be considered uas whether the

])lanet had, like Uranus, been observed as a star by some pre-

vious astronomer. This question was taken up by Mr. Scars C.

Walker, of the Naval Observatory. A few months' observ:.-

tion sufficed to show that the distance of the planet from the

Bun was not far from 30 (the distance of the earth being, as

usual, unity), and, assuming a circular orbit, he computed the

approximate place of the planet in past years. He traced its

course back from year to year in order to find whether at any

time it passed through a region which was at the same time

being swept by the telescopes '>f observers engaged in prepar-

ing catalogues of otars. He was not successful till he reached

the year 1795. On the 8th and 10th of May of that year,

Lalande, of Paris, had swept over the place of the planet. It

must now be decided whether any of the stars observed on

those nights could have been Neptune. Although the exact

place of the planet could not yet be fixed for an epocli so

remote, it was easy to mark out the apparent position of its

orbit as a lino among the stars, and it must tiien have been

som.ewhere on that line. After taking out t'le stars ^vliich

were too far from the line, and those wliich had been seen by

Bubsequont observers, there remained one, observed on Hay
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lOth, wliich was very near the computed orbit. Walker at

once ventured on the bold prediction that if this region of
the heavens were examined with a telescope, that star would
be found missing. He communicated this opinion officially

to Lieutenant Manry and other scientilic men in Washington,
and asked that the search might be made. On the first clear
cveiiing the examination was made by Professor Hubbard,
and, surely enough, the star was not there.

Tiiere wao, howevt-, one wenk point in the conclusion that
this was really the planet Neptune. Lalande had marked his

obcervation of the missing star with a colon, to indicate that
there Avas a doubt oi' its accuracy : therefore it was possible
that the record of tlie supposed star might have been the sim-
ple result of some error of observation. Happily, the original
manuscripts of Lalande were carefully preserved at the Paris
Observatory ; and as soon as the news of Walker's researches
reaci.ed that city an examination of the observations of May
8th and 10th, 1795, was entered upon. The exti-aordinary dis-

covery was made that there was no mark of uncertainty in the
original record, but that Lalande had observed the planet both
on the 8tli and 10th of May. The object having moved slight-

ly during the two dsjs' interval, the observations did not
agree

; and Lalande supposed that one of them must be wrong,
entirely unconscious tliat in that little discrepancy lay a dis-

covery w' ' h would have made his name immortal. Without
furthe j,mination, he had rejected the first observation, and
copied .le second as doubtful on account of the discrei^ancy,
and thus the pearl of great price was dropped, not to be
found again till a half-century had elapsed.

For several years the investigation of the motion of the new
pknet was left in the hands of Mr. Walker and Professci
Peiree. The latter was the first one to compute the perturba-
tion-, of Neptune produced by the action of the other planets.
The results of these cou^putations, together with Mr. Walk-
ers elements, are given in the Proceedings of the American
Academy of Arts and Scienceo.

Phi^mal A' nrct of Neptune.—0\\ the physical appearance oi
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this planet very little can be said. In the largest telescopea

and through the finest atmosphere, it presents the appearance

of a perfectly round disk about 3" in diameter, of a pale-l)Iiie

color. No markings have been seen upon it. When first

seen by Mr. Lassell, he suspected a ring, or some such append-

age ; but future observations under more favorable circum-

stances showed this suspicion to be without foundation. To
recognize the disk of Neptune with ease, a magnifying power
of 300 or upwards must be employed.

Satellite of Neptune.—Soon after the disco\ery of Neptune
Mr. Lassell, scrutinizing it with his two-foot reflector, saw on

various occasions a point of light in the neighborhood. Dur-

ing the following year it proved to be a satellite, having a pe-

riod of revolution of about 5 days 21 hours. During 1847

and 1S48 the satellite was observed, both at Cambridge by the

Messrs, Bond, and at Pulkowa by Struve. These observations

showed that its orbit was inclined about 30° to the ecliptic,

but it was impossible to decide in which direction it was mov-

ing, since there M-ere two positions of the orbit, and two di-

rections of motion, in which the apparent motion, as seen fi-om

the earth, would be the same. After a few years the change

in the direction of the planet enabled this question to be de-

cided, and showed that the motion was retrograde. The case

was more extraordinary than that of the satellites of Ui-anns,

'Jince, to represent both the position of the orbit and the di-

rection of motion in the usual way, the orbit would have to be

tipped over 150° ; it is, in fact, nearly upside down. The de-

terminations of the elements of the satellite have been ex-

tremely discordant, a circumstance which we must attril)nte

to its extrf me faintness. It is a minute object, even in the

most powerful telescopes.

Measures of the distance of the satellite from the planet,

made with the great Washington telescope, show the mass of

Neptune to be -nrj-BTr- The mass deduced from the perturba-

tions of Uranus is rgruTrj f^n agreement as good as could ho

expected in a quantity so difficult to determine.
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CHAPTER V.

COMETS AND METEORS.

§ 1. Aspects and Forms of Comets.

Tii3 celestial motions which we liave hitherto described
take place with a majestic uniformity which has always iin-
pressed the minds of men with a sense of the unchanireable-
iiess of the heavens. But this uniformity is on some occasions
broken by the apparition of objects of an extraordinaiy as-
pect, which hover in the heavens for a few days or Aveeks, like
some supernatural visitor, and then disappear. We refer to
comets, bodies which have been known from the earliest times,
but of which the nature is not yet deprived of mystery.
Comets briglit enough to be noticed with the naked eye

consist of thiee pai-ts, which, howevei-, are not comi)letely dis-
tinct, but run into each other by insensible degrees. Tliese
are. the nucleus, the coma, and the tail.

The nucleus is the bright centre which to the eye presents
the appearance of an ordinary star or planet. It would liard-
ly excite remark but for the coma and tail by which it is ac-
companied.

The coma (which is Latin for hair) is a mass of cloudy or
vaporous appearance, wliich surrounds the nucleus on all sides.
Next to the nucleus, it is so bright as to be hardly distinguish-
able from it, but it gradually shades ofp in every diie'Jjtion.

Nucleus and coma combined present tlie appearance of a star,
more or less bright, shining through a small patch of fog, and
are together called the head of the comet.
The tail is a continuation of the coma, and consists of a

stream of milky light, growing wider and fainter as it recedes
from the comet, until the eye c^an no longer trace it. A curi.

. I.
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ous feature, noticed from the earliest times, is that the tail ig

always turned from the sun. The extent of the tail is verv

different in different comets, that appendage being brigiiter

and longer the more brilliant the comet. Sometimes it nii'fjit

almost escape notice, while in many great comets recorded in

history it has extended half-way across the heavens. The
actual length, when one is seen at all, is nearly always many
millions of miles. Sonietimes, though rarely, the tail of the

comet is split up into several branches, extending out in

slightly different directions.

Such is the general appearance of a comet visible to the

tiaked eye. When the heavens were carefully swept with tel-

escopes, it was found that comets thus visible formed but a

small fraction of the whole number. If a diligent search is

kept up, as many comets are sometimes found with the tele-

scope in a single year as wonld be seen in a lifetime with the

unaided eye. These "telescopic comets" do not always pre-

sent the same aspect us those seen with the naked eye. The

(•(•ma, or foggy light, generally seems to be developed at the

expense of the nucleus and the tail. Sometimes either no

nucleus/at all can be seen with the telescope, or it is so faint

and ill-defined as to be hardly distinguishable. In the cases

of such comets, it is generally impossible to distinguish the

coma from the tail, the latter being either entirely invisible,

or only an elongation of the coma. Many well-known comets

consist of hardly anything but a patch of foggy light of more

or less irregular form.

Notwithstanding these great apparent differences between

the lai'ge comets and the telescopic ones, yet, when we close-

ly watch their respective modes of development, we find tiieni

all to belong to one class. The differences are like those be-

tween some animals, which, to the ordinary looker-on, have

nothing in common, but in which the zoologist sees that every

part of the one has its counterpart in the other—indeed, the

analogy between what the astronomer sees in the growth of

comets and the zoologist in the growth of animals is q.iito

worthy of remark. As a general rule, all comets look near])'
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alike when they first come within reach of the tolescojie, the
subsequent diversities arising from the different developments
ot correspondi.ig parts. The first aopearance is that of a lit>
tie toggy patch without any tail, a>ir' very often without any
wsible nucleus. Thus, in the case oi Jonati's comet of 1858
one of the most splendid on record, it was more than two
-nontlis after the first discoveiy before there was nnv appea.--
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ance ot a tail. To enable the reader to see the relation of

this to a very diffused telescopic comet, we present a telescopic-

view of the head of this great cotnet when near its brightest,

and three draw'ngs of Encke's comet, made by Dr. Vogel, in

November and December, 1871.

When the nnclens of a telescopic comet begins to show it-

3eH it is commonly on tlie side farthest from the sun. Sev-

er»L little branches will then be seen stretched out in the di-

rection of the sun, so that it will appear as if the comet had

a small fan-shaped tail directed towards the sun, instead of

from it, as is nsual. Thus, in the pictures of Encke's coinet

in Figs. 1 and 2, the sun is towards the left, and we see what

Fio. 91.—Heiid of DounU's great comet of 18C>8, after Bond.

looks like three little tails, the middle one pointed towards tlie

Pun. But if we look at the view of Donati's comet, Fig. 91,

we see several little lines branching upwards from the (;entre

of the head, and it is to these, and not to the tail, that the lit-

tle tails in the figures of Encke's comet correspond. In fact,

the general riile is that the heads of comets have a fan-shtiped

structure, the handle of the fan being in the nucleus, and the

middle arm pointing towards tiie sun ; and it is this append-

asre which first shows itself.

In the larger comets, this fan is surrounded by one or more
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scniclrcular arches, or envelopes, the inner one forming itscurved border; but this arch does not show itself in ^£^1^comets. The true tail of the cornet, when it annear ^ V
Mg. W, JNo. 3, a very faint tnie tail will bo soon cxtelidin.,ont toward, the lower right-l,a„d corner of the ,,i tmc h "fwas opposite to tl.e direction of ti.o snii 0„ .1 r ' V }
jl.o„g,. t,,e Ranches tnrned toward: Zsn^L™ dl^et:he fan.l.ko forn. can still be traced in the head. In Fit 91

tlic- p.ct le, oi.lj the fomniencement of it can bo seen Tl,«

L TiTsi'™" "••\r"^ '--i-d,is CO,:: .'ati^cdaik. llus 18 very generally the case with bright comets.

§ 2. Motions, Origin, and Number of Comets
When it was found by Kepler that all the planets movedromui the sun in conic sections, and when Newtotsbowedat h,s mohon was the necessary result of the gravitata ofthe planets towards the snn, the qnestion naturally a™ erether comets moved aeco,-ding to the same law. It was fot^^d vNewton that the comet of 1680 actually did n.o™ n s "h iorbit but instead of being, like the planetarrorbUs ,e:,

"

™,Iar, .t was very eccentric, being to all ap'pearant a^l'.

A parabola being one of the orbits which gravitation wonidoanse ,0 be deset-ibed, it was thus made certain that cometsgrantatod towards the sun, like planets. It was, however imP«,blo to say whether the orbit was really a mrabo a o avery elongated ellipse. The reason of this di the-nUys thatmots are visible in only a very small portion of .1 i «, t,

«Wa and of a very eccentric ellipse are so nearly the same,that they cannot always be distinguished.

«d a parabohc orb,t-that the former is closed „p, and aomet mov.ng m ,t must come back some time, whereas the'TC branches of the latter extend out int-.
.•.«„;!'..*' .'V*
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out ever meeting. A comet moving in a parabolic orbit will,

therefore, never return, but, after once sweeping past the sun,

will continue to recede into infinite space forever. The saiuo

thinw will happen if the comet moves in an hyperbola, which ia

Parabolic orbit. Eccentric ellipse.

Fig. 92.-PaiabolIc and elliptic oibit of a comet. The comet is invisible in the dotted part

of the orbite, and the forms of the visible parts, a, 6, cannot be distinguished in the

two orbits. But the ellipse forms a closed curve, while the two branches of the pa-

rabola continue forever without meeting.

the third class of orbit that may be described under the influ-

ence of gravitation. In a parabola, the slightest retardation

of a comet would change the orbit into an ellipse, the velocity

being barely sufficient to carry the comet off forever, whereas

in an hyperbola there is more or less velocity to spare. Thus

the parabola is a sort of dividing curve between the hyperbola

and the ellipse.

The astronomer, knowing the position of an orbit, can tell

exactly what velocity is necessary at any point of it in order

that a body moving in it may go off, never to return. A body

thrown from the earth's surface with a velocity of seven miiea
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6 second, and not retarded by the atmospliere, wonld never
return to the eartli, but would describe some sort of a.l orbit
round the sun. It would, in fact, be a little planet. If the
earth were out of the way, a body n.oving past the earth's
orbit at the rate of twenty-six miles a second would have juat
the velocity necessary to describe a parabola. If the velocity

oor'".',-^'"''''^'
*'"« ^""^t at that point of its orbit which

.8 92i mdlions of miles from the s.n., then the comet must
go off into infinite space, never to return to our system. But
with a less velocity the comet must be brought back by the
sun s attraction at some future time, the time being lon.rer the
more nearly the velocity reaches twenty-six milesVer second
It IS by the velocity that the astronomer must, in general de-
termine the form of the orbit. If it corresponds exactly to
he calculated limit, the orbit is a parabola; if it exceeds this
liniit, It IS an hyperbola; if it falls short of it, it is an ellipse
JNow, in the large majority of comets the velocity is so near

the parabolic limit that it is not possible to decide, from ob-
servations, whether it falls short of it or exceeds it. In the
case of a few comets the observations indicate an excess of
velocity, but the excess is so minute that its reality cannot bo
conhdently asserted. It cannot, therefore, be said with cer-
tainty that any known comet revolves in a hyperbolic orbit
and thus it is possible that all comets belong to our system!
and will ultimately return to it. It is, however, certain thatm the majority of cases the return will be delayed many cen-
turies, nay, perhaps many thousand years. There are quite a
nuniber of comets which are known to be periodic, returnin..
to the sun at regular intervals in elliptic orbits. Some of
these have been observed at several returns, so that their exact
period has been determined with great certainty: in the case
3t others, the periodicity has been inferred only from the fact
hat the velocity fell so far short of the parabolic limit that
there could be no doubt of the fact that the comet moved in
an ellipse.

In this question of cometary orbits is involved the very in-
terestmg one, whether comets should be considered as belonn^

C3
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ing to our Bjstem, or as inero visitoi-s from the stellar spacos.

We may conceivo of them as stray fragments of original nel)<

iiloiis matter scattered through the great wilderness of space

around us, drawn towards our sun one by one as the long agei

elapse. If no planets surrounded the sun, or if, surroundiii.r

it, they were immovable, a comet thus drawn in would whirl

around the sun in a nearly parabolic orbit, and leave it again,

not to return for perhaps millions of years, because the veloci-

ty it would acquire by falling towards the sun would be just

sufficient to carry it back into the infinite void from whlcli it

came. But owing to the motions of the several planets in

their orbits, the comet would have its velocity changed in

passing each of them, the change being an acceleration or a

retardation, according to the way in which it passed. If the

total accelerations produced by all the planets exceeded the

retardations, the comet would leave our system with more

than the parabolic Telocity, and would certainly never return.

If the retarding forces chanced to be in excess, the orbit

would be changed into an ellipse more or less elongated, ac-

cording to the amount of this excess. In the large majority

of cases, the retardation would be so slight that the most del-

icate observations could not show it, and it could be known

only by calculation, or by the return of the comet after tens

or hundrieds of thousands of years. But should the comet

chance to pass very near a planet, especially a large planet

like Jupiter, the retardation might be so great as to make the

comet revolve in an orbit of quite short period, and thus be-

iome a seemingly permanent member of our system. So near

an approach of a comet to a planet would not be likely to oc-

cur more than once in a number of centuries, but every timo

it b"d occur there would be an even chance for an additional

tx)met of short period, the orbit of which would, at iirst, ah

most intei-sect that of the planet which had deranged it. It

might not, however, be a known comet, because the orbit

might be wholly beyond the reach of our vision.

All the facts connected with periodic comets tend to

strengthen the view that they become members of our system
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J..|>iter generally pass „»,.,• ,„ son.e o e 1 c „ „l
'"'

action the i„t,.od„ction of .„e co.ot is ob^'d "c The"g™l al fad„,g „„.„3. of ,„„st of the comets of short ™,.Mwhich we shall desciibo inoro fullv l>P,-mff„, • . }^}'°°:

color to this view.
^ heioafler, gives adaitional

/y«»fe- „/ Comeis.~U ,vas the opinion of Ke-.ler thai tl,„celestial spaces were as full of eonits as the Tea of fish ol
« small proportion of them coinin.. within fl,„ ,!;
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consjdeied the number ihutj-six, given by Klein,
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In round numbers, about five hundred comets visible to the

naked eye have been recorded since our era, making a pMieral

nverat'e of one every four years. Besides these, nearly two

liundred telescopic comets have been observed since the in-

vention of the telescope ; so that the total number of tliosc

bodies observed during the period in question does not full

far short of seven hundred. Several new telescopic comets

are now discovered nearly every year, the number sometimes

ranging up to six or eight. It is probable that the annual

number of this class discovered depends very largely on tlie

skill, assiduity, and good -fortune of the astronomers who

chance to be engaged in searching for them.

§ 3. Bemarkahle Comets.

In unenlightened ages comets Avere looked on with terror,

as portending pestilence, war, the death of kings, or other

calamitous or remarkable events. Hence it happens that in

the earlier descriptions of these bodies, they are generally

associated with some contemporaneous event. The descrip-

tions of the comets themselves are, however, so Migue and

indetinite as to be entirely devoid of either instrn«-,tio'i or Ji-

terest, as it often happens that not even their oonrte Ui lUe

heavens is stated.

The great comet of 1680 is, as already said, remarkable tor

being not only a brilliant comet, but the one by which New-

ton prov. d 'ihat comets move under the influence of the grayi-

tat: '. i>i" hr u.i. It first appeared in the autumn of 1080,

and ooiitinued visible most of the time till the following spring.
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Oil with terror,

It fell down almost in a direct lino to the Bnn.pagglng nearer
to that hnninary than any coinot hoforo known. Tt passed its
priholion on Docoinbor 18th, and, Bweeping ronnd a lurgo
arc, went hack in a direction not very different fron; that from
wiucli It came. The observations have been calculated and
tl.o orbit investigated by many astronomers, beginning with
^owton; but the results show no certain deviation fl-om a
parabolio (,rb:f. Hence, if the comet ever returns, it is only
al vory long intervals, llalloy, however, suspected, with some
piaiisibHity, that the period might bo 575 years, from the fact
that great comets had been recorded as appearing at that in-
terval. The first of these appearances was in the month of
September, after Julius Caesar was killed; the second, in the
year 531; the third, in February, 1100; while that of 1680
made the fourth. If, as seems not impossible, these wore four
returns of one and the same comet, a fifth return will oo seen
by our posterity about the year 2255. Until that time the
exact period must remain doubtful, because observations made
two centuries ago do not possess the exactitude which will
decide so delicate a point.

Halley's Comet.--T\vo years after the comet last described
one appeared Mdiich has since become the most celebrated of
inodern times. It was first seen on August 19th, 1682, and
observed about a month, when it disappeared. Halley com-
puted the position of the orbit, and, comparing it with previ-
ous orbits, found that it coincided so exactly with that of a
comet observed by Kepler in 1607, that there could be no
doubt of the identity of the two orbits. So close were they
together that, if drawn on the heavens, the naked eye would
almost see them joined into a single line. The chances against
two separate comets moving in the same orbit were so grea*
that Halley could not doubt that the comet of 1682 was the
same that had appeared in 1607, and that it therefore revolved
in a very elliptic orbit, returning about every seventy-five yeare.
His conclusion was confirmed by the fact that a comet was
observed in 1531, which moved in apparently the same orbit.
Again subtracting the period of seventy -five years, it was

26
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found that the comet h».d appeared in 1456, when it sprend

such terror throughout Christendom that Popn Cahxtu.s or-

dered prajers to be offered for protection against the Turks

and the comet. This is supposed to be the circumstance wiil«h

gave rise to the po])ular myth of tlie Pope's Bull against tlie

Comet.

This is the earliest occasion on which observations of tlie

course of the comet were made with suv^h acciiracy that its

orbit could be determined. If we keep subtracting Ib^ years,

we shall find that v;e sometimes fall on dates when the appa-

rition of a comet was recorded ; but without any knowledge

of the orbits of these bodies, it cannot be said with certainty

that they are identical. However, in the returns of 1456,

1531, 1607, and 1682^ at nearly equal intervals, Ilalley had

good reason for predicting that the comet would return again

about 1758. This gave the mathematicians time to investi-

gate its motions ; and the establishment, in the mean time, of

the theory of gravitation showed them how to set about the

work. It was necessary to calculate tlie effect of the attrac-

tion of the planets on the motion of the comet during the en-

tire seventy-six years. This immense labor was performed by

Clairaut, who found that, in consequence of the attractions of

Jupiter and Saturn, the return of the comet would be delayed

618 days, so that it would not reach its perihelion until tlie

middle of April, 1759, Not having time to finish his calcula-

tions in the best way, he considered that this result was uncer

tain by one month. The c:)met actually did pass its perihelion

at midnight on March 12th, 1759.

Seventy-six years more were to elapse, and the comet would

again appear about 1835. Meanwhile, great iniproveinents

were made in the methods of computing the effects of planet-

ary attraction on the motions of a comet, so that mathemati-

cians, without expending more labor than Clairaut did, were

enabled to obtain much more accurate results. The coni})uta-

tion of the return of the comet was undertaken independently

by four leading astronomers, De Damoiseau and De Pontocou-

Ian' of France, and Rosenberger and Lehmann of Germany.
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Professor Rosenberger announced that it would reach its peri-

hehon on November 11th, 1835; while De I'onte'coulant, after
revising his computations with more exact determinations of
the masses of the planets, assigned November 13th, at 2 a.m.,

as the date. The expected comet was first seen on August 5th.
Approaching the sun, it passed its perihelion on November
16th, only three days after the time predicted by De Pontd-
coulant, and five days after that of Rosenberger. Eut although
De Pontecoulant's result was nearest, this was an accident;
the work of Rosenberger was the most thorough.
This was the last return of the celebrated comet of Hal ley.

It was followed until May 17th, 1836, when it disappeared
from the sight of the most powerful telescopes of the time,-

and has not been seen since. But the astronomer can follow
it with the eye of science with almost as much certainty as if

he had it in the field of view of his > 3lescope. We cannot yet
Hx the time of its return with certainty ; but we know that it

reached the farthest limit

of its course, which ex-

tends some distance be-

yond the orbit of Nep-

tune, about 1873, and
that it is now on its re-

turn journey. We pre-

sent a diagram of its or-

bit, showing its position

in 1874. Its velocity

will constantly increase

from year to year, and
we may expect it to

fio. 03.-oibit of naney-s comet.

reach perihelion about the year 1911. The exact date cannot
be fixed until the effect of the action of all the planets is com-
puted, and this will be a greater labor than before, not only
because greater accuracy will be aimed at, but because the
action of more planets must be taken into account. When
Clairaut computed the return of 1759, Saturn was the outer-

most known planet. When the return of 1835 was computed,

f! 1
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Uranns had been added to the list, and its action had to be

taken into account. Since that time Neptune has been dis-

covered ; and the astronomer who computes the return of 1911

must add its action to that of the other planets. By doing so,

we may hope that the time of reaching perihelion will be ])re-

dicted within one or two days.

Tlie Lost BieWs Comet- Nothing could more strikingly il-

lustrate the difference between comets and other heavenly

bodies than the fact of the total dissolution of one of the for-

mer. In 1826, a comet was discovered by an Austrian named
Biela, which was found to be periodic, and to have been ob-

served in 1772, and again in 1805. The time of revolution

was found to be six years and eight months. In the next two

returns, the earth was not in the right part of its orl)it to ad-

mit of observing the comet ; the latter was therefore not seen

again till 1845. In November and December of that year

it was observed as usual, without anything remarkable being

noticed. But in January following, the astronomers of the

Naval Observatory found it to have suffered an accident nev-

er before known to happen to a heavenly body, and of which

no explanation has ever been given. The comet had sepa-

rated into two distinct parts, of quite unequal brightness, so

that there were two apparently complete comets, instead of

one. During the month following, the lesser of the two con-

tinually increased, until it became equal to its companion.

Then it grew smaller, and in March vanished entirely, though

its companion was still plainly seen for a month longer. The

distance apart of the two portions, according to the computa-

tions of Professor Hubbard, was about 200,000 miles.

The next return of the comet took place in 1852, and was,

of course, looked for with great interest. It was found still

divided, and the two parts were far more widely separated

than in 1846, their distance having increased to about a mill-

ion and a half of miles. Sometimes one part was the bright-

er, and sometimes the other, so that it was impossible to de-

cide which ought to be regarded as representing the princii)al

comet. The pair passed out of view about the end of Sep-
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tcmber, 1S52, and have not been seen since. Tliey wonld,
since then, have made five complete revolutions, returning in
1859, 1865, and 1872. At the first of these returns, tlie rela-
tive positions of the comet and the earth were so unfavorable
tiiat there was no hope of seeing the former. In 1865, it

could not be found
; but it was thought that this might be due

to the great distance of the comet from us. In 1872, the rela-
tive positions were extremely favorable, yet not a trace of the
object^ could be seen.* It had seemingly vanished, not into
thin air, but into something of a tenuity compared with Avhich
tiie thinnest air was as a solid millstone. Some invisible fra"--
iiients were, however, passing along the comet's orbit, and pro-
duced a small meteoric shower, as will be explained in a later
section. Not a trace of the comet was ever again seen.
The Great Comet o/ 1843.— This remarkable comet burst

suddenly into view in the neighborhood of the sun about the
end of February, 1843. It was visible in full daylight, so that
some observers actually measured the angular distance be-
tween the comet and the sun. It was followed until the mid-
dle of April. The most remarkable feature of the orbit of
this comet has been already mentioned: it passed nearer the
sun than any other known body— so near it, in fact, that
with a very slight change in the direction of its original mo-
tion, It would actually have struck it. Its orbit did not cer-
tanily deviate from a parabola. The most careful investigation
of it-that of Professor Hubbard, of Washington—indicated
a period of 530 years

; but the velocity which would produce
this period is so near the parabolic limit that the difference
does not exceed the uncertainty of the observations.
Donates Comet o/ 1858.-This great comet, one of the most

magnificent of modern times, which hung in the western sky
during the autumn of 1858, will be well remembered by all

It was first seen at
who were then old enough to notice it.

Just after the meteoric shower, Mr. I'ogson, of Madras, obtained observa-
tions of an object which, it was supposed, might have been a fragment of this
comet. But the object was some two months behind the computed position of
'He comet, so that the identity of the two lias never been accepted by astronomers

fi
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Florence, on June 2d, 1858, by Donati, who described it as a

very faint nebulosity, about 3' in diameter. About the end

of the month it was discovered independently by three Amer-

ican observers : II. P. Tuttle, at Cambridge ; II. M. Parkluirst,

at Perth Amboy, New Jersey ; and Miss Maria Mitcliel, at

Nantucket. During the iirst three months of its visibility it

irave no indications of its future grandeur. No tail was no-

ticed until the middle of August, and at the end of that

month it was only half a degree in length, while the comet

itself was barely visible to the naked eye. It continued to

approach the sun till the end of September, and during this

Fio. M.—Oreat comet of 1868.

month developed with great rapidity, attaining its greatest

brilliancy about the iirst half of October. Its tail was then

40° in length, and 10° in breadth at its outer end, and of a

curious feather-like form. About October 20th it passed sc

far south as to be no longer visible in northern latitudes ;
hut

it was followed in the southern hemisphere until March fol-

lowing.

Observations of the position of this comet soon showed its

orbit to be decidedly elliptic, Avith a period of about 2000

yeai-s or less. A careful investigation of all the observations

was made by Mr= G= W= Ilill, wlio found a period of 1950
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yeare. If this period is correct, the comet must have appeared
about ninety-two years before our era, and must appear again
about the year 3808 ; but the uncertainty arising from the im-
perfections of the observations may amount to fifty years.

The Great Southern Comet of 1880.—On the evening of
February 2d, 1880, astronomers in South America, the Cape
of Good Hope, and Australia were surprised to see wliat was
evidently the tail of a huge comet rising above the horizon
in the south-west. Its length was 40°. Detailed observations
were made by Dr. Gould, who observed it at Cordoba, in tlie

Argentine Republic. It was not until two days afterwards,
February 4th, that he finally saw the head of the comet through'
the large telescope. It was then moving in a northerly direc-

tion, and, it was supposed, would soon pass the sun and be visi-

ble in the northern hemisphere. But, instead of continuing its

northern course, it moved rapidly around the sun, and bent its

course once more towards the south. In consequence, it did
not become visible in the northern hemisphere at all.

This rapid motion around the sun showed that the comet
iiinst have passed very near that object, thus reminding astron-

omers of the great comet of 1843. When the elements of the
orbit were computed it was found that the two bodies mo\'ed
ill almost the same orbit, so that it seemed scarcely possible
to avoid the conclusion that this comet was a return of the
former one. Notwithstanding the seeming evidence in favor
of this view, there are several difficulties in the way of its un-
reserved acceptance. In the first place, the most careful com-
putations on the comet of 1843 showed no deviation from a
parabolic orbit. In the next place, if this was a return of the
former comet, it should have appeared at regular intervals
of thirty-six years and eleven months in former times. Now,
there is no record of such a comet having been seen at the
times when its return to perihelion should have occurred. It
is true, as Dr. Gould showed, that, by supposing a continuous
change in the period, certain comets which were in perihelion
ill 1GS8 and 1702 might have been identical with the two in

question. This would have required the period to change

t y
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from thirty-four years between tlie first two returns to tliirtv-

six years and eleven months between the last two. Such "a

(ihange is so improbable that wo can hardly regard tlic dif-

ferent appearances as belonging to absolutely the same bodies.

The most probable explanation seems to be that they \vcio

originally two nebulous masses far out in the stellar spaces,

and that tlie nearer one was drawn into the sun thirty-seven

years in advance of the more distant one.

Great Comet 0/I88I.—This comet is so recent that most

readei-s will remember it. It was first heard of in our hemi-

sphere through a telegram from Di-. Gould, stating that the

comet of 1807 was in five hours of right ascension, and tliirtv

degrees south declination. Curiosity respecting the object was

not, however, gratified until the morning of June 23d, when
it was seen by observers in almost every part of the northern

hemisphere about the beginning of the morning twilight. Con-

tinuing its northern course, it reached the circle of perpetual

apparition early in July, and during the remainder of the

period of its visibility neither rose nor set. Passing near the

north pole of the heavens, it was visible all night for several

weeks. The length of the tail was variously estimated, as the

distance to which it could be traced depended largely on the

acuteness of the observer's vision. To most observers it pre-

sented a length of ten or fifteen degrees, though some traced

it much farther.

There are two very remarkable features connected with tlie

motion of this comet. One is, that during almost its entire

period of visibility to the naked eye it moved on the same

meridian as the sun, and, indeed, while passing from the sonth-

ern to the northern hemisphere, it may have passed over the

sun's disk. The other feature is the remarkable resemblance

between its orbit and that of the comet of 1807. It was this

resemblance which led Dr. Gould to telegraph it as a retin-n

of this comet. The most careful determination of the ele-

ments show, however, that the two bodies could not possibly

be identical, as both were moving in orbits differing so little

from a parabola that many centuries at least must elapse be-
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foro the return of either Wo l>n,„ n c

similar to th'if r.f ihT I I '
*''«''<'f»'''. ""oU'er oasoBuiiiia to tluit of the great comets of 1843 and 18S0_nnm,.Iv

.wo^d,fferent bodies following each otl.er in nea,'^ theTaJf'

T/,c Great Comet «/ 1882.-Early in Septe.nbor 1SS9 ,oo,net was soon with the naked e,e I, ohserCtt 'l, C„'

"

Dr Gil? n,
7,'°';"

'^"f
"""' "'"' "' Cordoba, South An.c.r

oSof-'fl 71 '"""" " ''^ "^'"S'O" Se„ten,ber Thitlic date of ts fli-st observation at that point, a qnito consni,-,,ns object, the nnelens appearing to the nated eve as a i";I^ lurd magnitude. On the afternoon of Snndf;, Septlbe,

evi,iont„ approaching the .ufcb,anV^^rr.Xr:
imnsit over the snn's disk, similar to that of Ven^ Wis
1
.onomenon was one previously unheard of in astrZmy adtherefore, of the most absorbing interest, especially 'as U«« Id furmsh the n,eans of determining v.he he the nudeusof the comet was an opaque solid.

Unfortunately, the afternoon was far advanced and It h.

^thetelegraph-oftoa^^is^tt^^^^^^^^^^
and and America, but, through some unexplained failure itd not reach them As little more than the bare e. itence»f tl c object was then known in the northern hemisphere n!one thought of looking for the phenomenon.

"'""'"'""'' "°

Lut, at the Cape, just before the smi was hidden behindTable Mountain, two of the observe,., Mr. Finlay and Dr Eh.n,saw he comet enter „pon the sun's disk. By keeping' the™
the "' !'•

• f^'^ "' *"" ''^•''' "'" *-"- -as a f fol«w the comet nght into the limb. He lost sight of it snd-*nly at 4 hours 60 minutes 68 seconds Cape inel^n time wd c„t«s just entering upon the disk; but on examining tbejk
seen,

Sim

S

rp, 1 ,. . .
o "-v.^ v/i LUC v;uiue[ coma oe
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Dr. Elkiii's observation was in all respects similar to Mr.

Finlay's. With one of the half-lenses of the helioinetcr ho

actually ohserved the comet to disappear among the iiiiclula-

tions of the snn's limb at 4 hours 50 minutes 52 seconds. Tiic

intrinsic brilliancy of the nucleus seemed scarcely inferior to

that of the sun's surface. It will be seen that the two ob-

servers, who were entirely separate from each other, only dif-

fered 6 seconds in the time of the comet's entry upon the liinb.

The fact that no trace of the comet was visible ui)on tlio

face of the sun after entering upon it is of the greatest inter-

est, as showing that the solid opaque nucleus, if it existed at

all, must have been much smaller than the apparent nucleus

measured with the telescope. The transit of a great comet like

this over the sun's face is a phenomenon which cannot bo ex-

pected more than once in many centui-ies. We must, therefore,

conirratnlate ourselves that two observers were able to note it,

even under very unfavorable circnmstances.

After passing the perihelion the comet developed into the

most brilliant one which had been seen for twenty years. It

had, however, a feature of yet greater interest than its brill-

iancy. When its orb't was calculated, it was found to bo al-

most identical with that of the great comets of 1843 and 1S80,

The possibility that the three bodies were identical gave rise

to a startling speculation. The diminution of the period from

38 years to 20 months would indicate that the comet, in pass-

iuir so near the surface of the sun, met with some resistance,

the result of which would be that, continually shortenuig its

time of revolution, it would, in a few years, fall into the sun.

Further computations show, however, that the bodies could not

possibly be identical, since the comet flew away from the sun

with a speed that showed it must have been many years fulling

to the sun, and centuries more before it could again return.

Return of the Great Comet of 1812.—The recent return

of this comet is mainly of interest as showing the wonderful

degree of precision which modern astronomy has reached.

On calculating its orbit, it was found that its nionientnin

would carry it out to near the orbit of Neptune, and that it

y
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would return in jiljout 71 years. It was actually found by
Brooks in September, 18S3, tlio very year of the prediction
Jidimi ofOlbern" Comet r/ 1815.—Vessel found that this

comet bad a period of 74 years. It actually retmned in 1887,
and was, like the preceding one, first seen by Jjrooks. The
discovery as made on August 24tb, 1887, but the comet did
not compijto its revolution until October 6th, 1887.

§ 4. Enche's Comet, and the Resisting Medium.
The comet which in recent times has most excited the atten-

tion of astronomers is that known as Encko's, from the astron-
omer who first carefully investigatr-^? its motion. It was first
6een in January, 1786, but the observations only continued
through two days, and were insufiicient to determine the orbit.
In 1795 a comet was found by Miss Caroline Ilerschel, on
which observations were continued about three weeks; but no
very accurate orbit was dei-ived from these observations. In
1805 the same comet returned again to perihelion, but its iden-
tity again failed to be recognized. As in the previous returns,
the observations continued through less than a month. It was
found, for the fourth time, by Pons, of Marseilles, in 1818.
When its ovbit was calculated, it was seen to coincide so
closely wJlti that of the comet of 1805 as to leave no doubt
that th.e two were really the same body.

'

« of the comet were now taken up by Encke, of
Berlli., 'estigated with a thoroughness before unknown.
He fou;i ^.eriod to be about 1200 days, four complete
revohitiono Laving been made between 1805 and 1818. Know-
ing this, there was no longer any diflSculty in identifying the
comet of 1795 as also being the same, three complete resolu-
tions having been made between that date and 1805. In the
intermediate returns to perihelion, its position had been so
unfavorable that it had not been observed at all. This i-esult
was received by astj-onomers with the greatest interest, because
it was the first known case of a comet of short period. Its re-
turn in 1822 was duly predicted, but it was found that when
near its greatest brilliancy it would be visible only in the

%\
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Boutheni liomiaphere. Happily, Sir Thomas Brisbane \m\ an

observatory at Paramatta, Now South Wales, and his a!?sistunt,

Runiker, was so fortunate as to find the eomet. It was so

near the position prcdieted by Encko that, by constantly puiiit>

ing the telescope in the direction predicted by that astronomer,

the comet was in the field of view dnrino; its whole course.

Encke continued to investigate the course of the coniet dur-

ing each revolution up to the time of his death, in isorj. At

some returns it could not be seen, owing to its distancro iVoiu

the earth, or the otherwise unfavorable position of our planet;

but generally very accurate observations of its course wore

made. By a comparison of its motions with those which

would result from the gravitation of the sun and planets, he

found that the periodic time was constantly diniinishing, uiid

was thus led to adopt the famous hypothesis of Olbcrs, that

the comet met with a resisting medium in space. The dimi-

nution of the period was about two hours and a half in each

revolution. Tlie conclusion of Encke and Gibers was that the

planetary spaces are filled with a very rare medium—so rare

that it does not produce the slightest effect on the motion of

such massive bodies as the planets. The comet being a body

of extreme tenuity, probably far lighter than air, it might be

affected by such a medium. The existence of this medium

cannot, however, be considered as established by Encke's re-

searches. In the first place, if we grant the fact that the

time of revolution is continually diminishing, as maintained

by tlie great German astronomer, it does not follow that a re-

sisting medium is the only cause to which we can attribute it.

But the main point is, that the computations on which Encke

founded his hypothesis are of such intricacy as to be always

liable to small errors, and their results cannot be received

with entire confidence until some one else has examined the

subject by new and improved methods.

Such an examination was commenced some years ago at the

Pulkowa observatory by Dr. von Asten, and since the death of

that astronomer has been continued by his successor, Dr. Back-

lund. The work was devoted more especially to a very care-

:>j
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f.d <'^^J^»lation of tlie action of all the planets on tho comet
from 18(.l to 1878 a period of iivo revolutions of the comet

'

Atjirs it was thought there was no retardation fron» 18G5 to
18il, buttlm conclusion was traced to an error in some of
tlio complicated calculations necessary, and now it is estab-
lished that the retardation of the comet'goes on regu a y fit
..c period to another, so that after a great number of "lentu-
ncs have elapsed the comet must fall into the sun. But lon^
«3fore that time the comet will probably disappear entirely, a^
Biela's comet has already done.

^'

It cannot be determined wjiether the comet is resisted at
every point of its orbit, or only when near the sun, but the
preponderap' > of ovidenco favors the latter result
To judge whether the deviations in the motion of Encke's

comet are really due to a resisting medium, we should k low
whether the motions of other comets exhibit similar anonZ
.

les. So far as is yet known, no other one does. There is
at east one which h . returned a sufficient number of Ti n.eand of which the motions have been computed with sufficie t'
caie to lead to an entirely definite conclusion on this point
namely, the periodic comet of Faye, which has been i.u est

-'

gated by Muller.* This comet was discovered in 1843 by the
astronomer whose name it bears, and was soon found to move
an elliptic orbit, with a period of a little more than seven

}ea.> As It has been observed at several returns since, MOller
mvestigated its motions with a view of finding whether it
peno was affected by any resisting medium.' It ts^ he
ought there was such an effect, his general result being of

tl'c ame nature with that reached by Encke. But on reireat-ngHs calculations with the improved data afforded by a^first
u^^^u ation, he found that the result arose from the im'^^^erfec-
lon of the latter, and that the comet really showed no sign of
c ange m its mean motion. It therefore seems certain thai,
c,ere IS a resisting medium, it docs not extend out farenongli from the sun to meet the orbit of Faye's comet.

Piofessor Axel Moller, director of the observatory at Lund, Sweden.
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§ 5. Other Periodic Comets.

Wc "-ivo, ill No. IV. of tho Aiipcndix, a table of eleven

periodic coinots which have been buoii at moro than one re-

turn to tho Bun. Of these, IJiela's may be regarded us tutallv

lost. All the others have, however, been seen at their Beverul

returns, when their position with respect to the earth luid buii

admitted of it. IJesides this, there are qnite a numl)er of coiu-

cts which observation showed were not moving in paralniliu

orbits, and which, therefore, from this fact alone, wo couciiulo

must return. A remarkable case of this kind is afforded by a

comet discovered in June, 1770, which was bright enough to

bo seen by tho naked eye. Tho astronomers of the time were

greatly snrprised to tind it moving in an ellipse, with a period

of less than six years. Therefore, not only should it have houu

seen at previous returns, but at some twenty rctm-ns since.

But not only was it never seen before, but it has never been

seen since. Both its appearaViCC and disappearance are now

known to bo due to the attraction of Jupiter. On returning

to its aphelion, about the beginning of 1779, it encountered

this planet, the attraction of which was so powerful as to

throw it into some entirely now orbit.

Of periodic comets seen at only one return many have pe-

riods so long that no especial interest attaches to the ellipticity

of the orbits at the present time. In other cases the observa-

tions are so uncertain that great doubt attaches to the reality

of the period. The following are all tho cases in which tho

period is reasonably probable

:

A comet which passed its perihelion on November 19th,

1783, was found by Dr. C. II. F. Peters to have a period of

less than six years. But it was never seen before or since.

Its orbit w^as probably deranged by that of Jupiter, near

which it approaches. .

The comet of 1812 was found by Encke to have a period

of seventy-one years, with an uncertainty of three years, it

reappeared in 1883, as already stated, thus exactly fulfilling

Encke's prediction.

um'
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shooting-Stars. In general, they are seen only one at a time,

and are so minute as hardly to attract attention. But they

have on some occasions shown themselves in such numbei-s as

to fill the beholders with terror, lest the end of the world had

come. The Chinese, Arabian, and other historians have hand-

ed down to us many accounts of such showers of mcteoi-s,

which have been brought to light by the researches of Edward

Biot, Quetelet, Professor H. A.Newton, and others.
^

As an ex-

ample of these accounts, we give one from an Arabian writer:

" In the year 599, on the last day of Moharrem, stars shot

hither and thither, and flew against each other like a swann

of locusts ; this phenomenon lasted until daybreak
;

people

were thrown into consternation, and made supplication to the

Most High : there was never the like seen except on the com-

iuo- of the messenger of God, on whom be benediction and

peace."

In 1799, on the night of November 12th, a rcmarkahlo

shower was seen by Humboldt and Bonpland, who were then

on the Andes. Humboldt described the shower as commen-

cing a little before two o'clock, and the meteors as rising above

the\orizon between east and north-east, and moving over tow-

ards the south. From not continuing his observations long

enough, or from some other cause, he failed to notice that the

lines in which the meteors moved all seemed to con\ero;e tow-

ards the same point of the heavens, and thus missed the dis-

covery of the real cause of the phenomenon.

The next great shower was seen in this country if IS'^S.

All through the Southern States, the negroes. >='
.... i^-rabs of

a previous century, thought the end of the world had come at

last. Th«5 phenomenon was observed very carefully at New

Haven by Professor Olmsted, who worked out a theory of its

cause. Although his ideas are in many respects erroncons,

they were the means of suggesting the true theory to otliers.

The recurrence of the shower at this time suggested to tlie

astronomer Olbers the idea of a thirty-four-year period, and

led him to predict a return of the shoAver in 18G7. A few

^eai-s before the expected time, the subject was taken up by
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Professor Newton, of Yale College, to whose researches our
knowledge of the true cause of the phenomenon is verv laro-e-
Iv due. • =

The phenomena of shooting-stars bi-anch out in vet another
direction. As we liave described them, they are seen only in
the higher and rarer regions of the atmosphere, far above the
clouds: no sound is heard from iliem, nor does anythiixr reach
the surface of the earth from which the nature of the°object
can be inferred. But on rare occasions meteors of extreme
brilliancy are followed by a loud sound, like the discharge of
heavy artillery

; while on yet rarer occasions large masses of
metallic or stony substances fall to the earth. Tiiese aerolites
were the puzzle of philosophers. Sometimes there was much
scepticism as to the reality of the phenomenon itself, it ap-
pearing to the doubters more likely that those who described
Mich things were mistaken than that heavy metallic masses
shuiild fall from the air. When their reality was placed be-
yond doubt, many theories were propounded to account for
them, the most noteworthy of which was that tliey were
tJirown from volcanoes in the moon. The problem of the
motion of a body projected from the moon was investigated
hy several great mathematicians, the result being that such a
body could not reach the earth unless projected with a veloci-
ty far exceeding anytliing seen on our planet.
AVhen aerolites weris examined by chemists and mineralo-

gists, it was found that although they contained no new chem-
ical elements, yet the combinations of these elements were
quite unlike any found on the earth, so that they must have
onginated outside the earth. Moreover, these combinations
oxl.il)ited certain characteristics peculiar to aiirohtes, so that
the mineralogist, from a simple examination and analysis of
a substance, could detect it as part of such a body, though
It had not been seen to fall. Great masses of matter thus
known to be of metedric origin have been found in various
parts of the earth, especially in Northern Mexico, where, at
Bome unknown period, an immense shower of these bodies
seeiiis to luivc fallen.

27
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Cause of Slwoting-stars.—It is now universally conceded tluit

the celestial spaces are crowded witli innumerable minute

bodies moving around the sun in every possible khid of orbit.

When we say crowded, we use the word in' a relative sense

;

they may not average more than one in a million or cubic

miles, and yet their total number exceeds all calculation. Of

the nature of the minuter bodies of this clas: nothiuir is ccr-

tainly known. But whatever they may be, the earth is con-

stantly encountering them in its motion around the sun. They

are burned by passing through the upper regions of our at-

mosphere, and the shooting - star is simply the light of that

burning. We shall follow Professor Newton in calling these

invisible bodies meteoroids.

The question which may be asked at this stage is, Why are

these bodies burned ? Especially, how can they burn so sud-

denly, and with so intens , a light, as to be visible hundreds

of miles fjway ? These questions were the stumbling-block of

investigators until they were answered, clearly and conclusive-

ly, by the discovery of the mechanical theory of heat. It is

now established that heat is only a certain form of motion

;

that hot air differs from cold air only in a more rapid vibra-

tion of jts molecules, and that it communicates its heat to

other bodies simply by striking them with its molecules, and

thus setting their molecules in vibration. Consequently, if a

body moves rapidly through the air, the impact of the air

npon it ought to heat it just as warm air would, even tliongh

the air itself were cold. This result of theory has been ex-

perimentally proved by Sir William Thomson, who found that

a thermometer placed in front of a rapidly moving body rose

one degree when the body moved through the air at the ratti

of 125 feet per second. With higher velocities, the increase

o^ temperature was proportional to the square of the velocity.

being 4 degrees with a velocity of 250 feet, 16 degrees with

one of 500 feet per second, and so on. This result is in exact

accordance with the mechanical theory of heat. To find the

effective temperature to which a meteoroid is exposed iu nio\-

ing througli our atmosphere, we divide its velocity in feet j)er
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second by 125
;
the square of the quotient will give the tern-

peratiire iii degrees.

Let us apply this principle to the case of the nieteoroids.
Ihe earth moves in its orbit at the rate of 98,000 feet pei
second

;
and if it met a meteoroid at rest, onr atmosphere

won d strike it with this velocity. By the rnle we have given
tor the rise of temperature (98,000 ^ 125)"=: 784'= 600 000
degrees nearly. This is many times any temperature ^ver
produced by artificial means. If, as will commonly be the
ease, the meteoroid is moving to meet the earth, the velocity,
and therefore the potential temperature, will be higher We
know that the meteoroids which produce the November show-
ei. already described move in a direction nearly opposite that
of the earth with a velocity of 26 miles per second, so that the
relative velocity with which the meteoroids meet our atmos-
phere IS 44 miles per second. By the rule we have given
tliis velocity corresponds to a temperature of between three
and four million degrees. We do not mean that the meteor-
oids are actually heated up to this temperature, but that the
air acts upon them as if it were heated up to the point men-
tioned; that is, it burns or volatilizes them in less than a sec-
ond with an enormous evolution of light and heat, just as a
furnace would if heated to a temperature of three million de-
grees It IS not at all necessary that the body should be com-
ustible; the hght and heat of ordinary burning are nothing
t all compared with the deflagration which such a tempera"
iiro would cause by acting on the hardest known body! Aew grains of platinum or iron striking the atmosphere with
the velocity of the celestial motions might evolve as much light
and heat as are emitted by the burning of a pint of coal-oilor
Beveral pounds of gunpowder; and as the whole operation is
over in a second, we may imagine how intense the light must be.
Ihe varied phenomena of aerolites, meteors, shootin-r-stars

and ineteoric showers depend solely on the nnmber aiTd nat'
"re of the meteoroids which give rise to them. If one of
jese bodies is so large and firm as to pass through the atmos-
nl.ere and reach the earth without being destroyed by the po-
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tential heat, we have an aerolite. As this passage only occu

pies a few seconds, the heat has not time to penetrate far into

the interior of the body, but expends itself in melting and vol-

atilizing the outer portions. When the body iirst strikes the

denser portion of the atmosphere, the resistance become;? so

enormous thai the aerolite is frequently broken to pieces Avith

ench violence that it seems to explode. Further color is give:)

to the idea of an explosion by the loud detonation which fol-

lows, so that the explosion is frequently spoken, of as a fact,

and as the cause of the detonation. Really, there is good rea-

son to believe that both of these phenomena are due to the

body striking the air with a velocity of ten, twenty, or thirty

miles a second.

If, on the other hand, the meteoroid is so small or so fusible

as to be dissipated in the upper regions of the atmosphere, we

have a common shooting-star, or a meteor of greater or less

brilliancy. Very careful observations have been made from

time to time, with a view of finding the height of these bodies

above the earth at their appearance and disappearance. An

attempt of this kind was made by the Naval Observatory on

the occasion of the meteoric shower of November 13th, 1867,

when Professor Ilarkness was sent to Eichraond to map the

paths of the brighter meteors as seen from that point. By

comparing these paths with those mapped at AVashington, tiie

parallaxes, and thence the altitudes, of these bodies were de-

termined. The lightning-like rapidity with which the mete-

ors darted through their course rendered it impossible to ob-

serve them with astronomical precision ; but the general re-

sult was that they were first seen at an average height of 75

miles, and disappeared at a height of 55 miles. There was

no positive evidence that any meteor commenced at a heigb-

much greater than 100 miles. It is remarkable that this cor

responds very nearly to the greatest height at which the most

brilliant meteors are ever certainly seen. These phenomena

seem to indicate that our atmosphere, instead of terminating

at a height of 45 miles, as was formerly siipposed, really ex-

tends to a heio-ht of between 100 and 110 miles.
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The ordinary meteors, which we may see on every clear
Dvemng, move in every direction, thus showing that their or-
bits lie m all possible positions, and are seemingly scattered
entirely at random. But the case is quite different witli those
ineteoroids which give rise to meteoric shoAvers. Here we
have a swarm of these bodies, all moving in the same direc
tion m parallel lines. If we mark, on a celestial globe the

Fia. 96.—Meteor paths, illustrating the radiant point

appai-ent paths of the meteors which fall during a shower, or
if uc suppose them marked on the celestial sphere, and then
continue them backwards, we shall find them all to meet in
the same point of the heavens. This is called the radiant
pmt It always appears in the same position, wherever the
observer is situated, and does not partake of the diurnal mo

w
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tion of the earth ; that is, as the stars seem to move towardg

the west in their diurnal eoiirse, the radiant point moves with

them. The point in question is purely an effect of perspo

tive, being the "vanishing point" of tlie parallel lines in

which the meteors really move. These lines do not appear

in their real direction in space, but are seen a? projected uu

the celestial sphere. A good vis'' '-L-tration of the effect

in question may be afforded by Iv . ^^ upwards and watdi-

ing falling snow during a calm, 'ine flakes which are fall-

ing directly towards the observer do not seem to move at all,

while the surrounding flakes seem to separate from them on

all sides. So with the meteoric showers. A meteor coming

directly towards the observer does not seem to move at all,

and marks the radiant point from which all the others seem

to diverge. The great importance of the determination of

the radiant point arises from the fact that it marks the direc-

tion in which the meteors are moving relatively to the earth,

and thus affords some data for determining their orbits.

§ 7. Relations of Comets and Meteoroids.

We have now to mention a series of investigations which

led to the discovery of a curious connection between meteor-

oids and comets. These investigations were commenced by

Professor Newton on the November meteoric showers. Tra-

cing back the historical accounts of these showers *o which

we have already alluded, he foimd that the thirty-three-year

period, which had been suspected by Olbers, was confirmed by

records reaching back a thousand years. Moreover, the show-

ers in question occurred only at agtertain time of the year
:
in

1799 and 1833, it was on NovefTO^r 12th or November 13th,

In other words, the shower occurred only as the earth passed

a certain point of its orbit. But this point was found not lo

be always the same, the showers being found to occur about

a couple of days earifcr every century as they were traced

back. The principal conclusions to which these facts led

were as follows

:

1. That the swarm of meteoroids which cause the Novem-
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ise the Novem-

ber showei-8 rovolve aroimd the sun in a definite orbit, which
intersects the orbit of the earth at the point which the latter
now passes on November 13tli.

2. The point of intersection of the two orbits moves fur-
wards about 52" per annum, or nearly a degree and a half a
oentury, owing to a change in the position of the meteoric
orbit.

3. The swarm of meteoroids is not equally scattered all
around their orbit, but the thickest portion extends along
about one-fifteenth of the orbit.

4. The earth meets this swarm, on the average, once in
33.25 years. At other times the swarm has not arrived at
the point of crossing, or has already passed it, and a meteoric
shower cannot occur unless the earth and the swarm cross at
the same time.

Trofessor Newton did not definitely determine the time of
revolution of the meteors in their orbit, but showed that it

must have one of five values. The greatest of these values,
and the one which it seems most natui-al to select, is that of
the mean interval between the showers, or 33^ years. Adopt-
ing this period, it would follow that between 1799, when
Humboldt saw the meteoric shower, and 1833, when it was
seen throughout the United States, the swarm of meteoroida
had been fiying out as far as the planet Uranus in a very el-

liptical orbit, and returning ac:ain. But the periodic time
might also be one year and ;.jout eieven days. Then the
group which Humboldt saw on November 12th, 1799, would
not reach the same point of its orbit until November 23d,
1800, when the earth would have passed by. Passing 11 days
later every year, it would make about 33 revolutions in 34
years, and thus would pass about the middle of November
once more, and another shower would occur. In a word, giv-
ing exact numbers, we might suppose that in the period of
33| years the meteoroids made one revolution, or 32|, 34^,
65^, or 67i revolutions, and the conditions of the problem
would be equally satisfied.

At the same time, Professor Newton eave a test bv whif-h
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the tnio titue could \m (letonnincd. As wo liavo said, lie

showed tliiit. till) node of tlio orbit changed its position 52" a

century, and thoro coidd l)o no douht that tliis change was
duo to the attraction of the planets. If, then, the effect of

this attraction u-as calcidatcd for eaeli of the iive orbits, it

would bo seen which of them would give tlio required chaiigo.

Tliis M-as done by Professor Adanjs, of England, and the resiil;

was that the thirty-three-yoar period, and that alone, was ad-

missible.

These researches of Professor Newton were published in

1864, and ended with a prediction of the return of the shower
on November 13th of one or more of the three followin;;

years—probably 18G0. This prediction was verified by a re-

markable meteoric shower seen in Europe on that very day,

which, however, was nearly over before it could become visi-

ble in this country. On the same date of the year followiiii;,

a shower was visible in this country, and excited great publio

interest. From the data derived from the first of these show-

ers, Schiaparelli, an Italian astronomer, was led to the discovery

of a remarkable relation between meteoric and cometary orbits.

Assuming the period of the November meteorcids to bo 33\

years, he computed the elements of their orbit from the ob-

served position of the i-adiant point. A similar computation

was made by Loverrier, and tlie i-esults wore presented to the

French Academy of Sciences on January 21st, 1867.

The exact orbit Avhich these bodies followed through space,

crossing the earth's orbit at one point, and extending out

beyond the planet Uranus at another, was thus ascertained.

But, as these bodies were absolutely invisible, no great inter-

est seemed to attach to their orbit until it was found tliat a

comet was moving in that very orbit. This was a faint tele-

scopic comet discovered by Tempel, at Mai-seilles, in Decem-

ber, 1865. It was afterwards independently discovered b}

Mr. II. P. Tuttle, at the Naval Observatoi-y, Washington. It

passed its perihelion in January, and, receding from the sun,

vanished from sight in March. It was soon found to move

in an elliptic orbit, but, owing to the uncertainty of observa-
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tions on sncli a body,
tliero was at iirst some
<]isa<,'rceinent as to the

exact periodic time.

Tiio subject was taken
up by Dr. Oppolzcr, of
Vienna, who, in Janu-
ary, 1867, was able to

present a definitive or-

bit of the comet, which
was published in the As^
tronomische Nachrichten

on the 28th of that

month. We now pre-

sent the orbit of the

comet, as found by Op-
polzei-, and that of the

meteors, as found by
Leverrier, premising
that these orbits were
computed and publish-

^

—

.^ ed within a few days
F.Q. 'Jfl.-0rblt of November meteors and the comet ©f Cach Other, withoUt

of 1S61.
, , ,

.
any knowledge on tlie

part ot either astronomer of the results obtained by the other:

/

Period of revolution
Eccentricity

Perihelion distance
Inciinntion of orbit

Longitude of the node..,
Longitude of perihelion.

The Comet.

33.18 yrs.

0.i)0.54

0.!)7«r>

162° 42'

51° 20'

42° 24'

Meteoroidfl.

33. 2;') yrs

().!)() 14

().!)H<JO

lG.i° 10'

51° 18'

Near node.

The similarity of these orbits is too striking to be the result
ot chance. The only element of which the values diflFer ma-
enally is the indination, and this difference proceeds from
'^everrier not having used a very exact position of the radiant
point in making his computations. Professor Adams found
i^y a similar calculation that the inclination of the orbit of t'ne

\

^Hh
^^w
^^^^^^

W'\ ^ i ^
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mcteoroids was 103° 14', only half a degree different from that

of the orbit of Teuipers couiot. The result of these investigrv-

tions was as follows

:

The November meteoric showers arisefrom the earth encounterinQ

a swarm of particles following

TempeVs comet in its orbit.

Wheii this fact came out,

Schiaparelli had been working

on the same subject, and had

come to a similar conclusion

with regard to another group

of meteors. It had long been

known that about August 9th

of every year an unusual num-

ber of meteors shoot forth from

the constellation Perseus. At

times these showei-s have been

infei-ior only to those of No-

vember. Thus, on August 9th,

1798, they succeeded each oth-

er so rapidly as to keep the

eye of the observer almost con-

stantly engaged, and several

hundred may nearly always be

counted on the nights of the

;9th, 10th, and 11th. These

August meteors are remarka-

ble in that they leave trails of

luminous vapor which often

last several seconds. Assum-

ing the orbit of this group to

be a parabola, it was calculated

by Schiaparelli, and is substan-

tially the same with that of a

comet observed in 1862. The

following avo the elements of

the orbits of Vhe two bodies : Fig. 97.-0rbit of the second comet of 1S82.
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•cnt from that

second comet of ises.

I'erilielion distniice

Inclination of orbit

Longituile of the node
Longitude of the perihelion.

C'iin«k II.,

IM9.

0.!)«26

113' 85'

137° 27'

344° 41'

AuKUit
Metvoroldt.

0.'J(!48

115° .17'

138° IG'

343° 28'

It appeal's that the August meteois are caused by a long
Btreain of bodies following the second comet of 1862 in its

orbit, or, rather, moving in the same orbit with it. The orbit
of this comet is decidedly elliptic; the difference from the
parabola is, however, too smnll to be determined with great
precision. According to Oppolzer, the peiiod derived from
the observations would be 124 yeai-s, which, however, may be
ten yeai's or more in error.

A third striking case of the connection between comets and
meteors which we are showing is afforded by the actual pre-
diction of a meteoric shower on the night of November 27th,
1S72. I have already described Biela's comet as first break-
ing into two pieces and then entirely disappearing, as thouo-h
its parts had become completely scattered. This is one of
the few comets which may come very near the earth, the lat-

ter passing the orbit of the comet on November 27th of each
year. By calculation, the comet should have passed the ])oint

of crossing early in September, 1872, while the earth reached
the same point between two and three months later. Judg-
ing from analogy, there was every reason to believe that the
earth would encounter a stream of meteoroids consisting of the
remains of the lost comet, and that a small meteoric shower
would be the result. Moreover, it was shown that the mete-
ors would all diverge from a certain point in the constellation

Andromeda, as the radiant point, because that would be the di-

rection from which a body moving in the orbit of the comet
would seem to come. The prediction was fully verified in

every respect. The meteors did not compare, either in num
bars or brilliancy, with the great displays of November ; but,

though faint, they succeeded each other so rapidly that the
most casual observer could not fail to notice thern, and they
all moved in the nredicted direction.

5?
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That the mctcoroids in tlieso cases originally belonged tn

the comet, few will dispute. Accepting this, the phenoineiiu dt

the Noveniher showers lead to the conclusion that the coinct

of 1866, with whic' they are associiated, was not an original

member of our system, but has been added to it within a

time which, astronomically speaking, is still recent. The sep-

arate mctcoroids which form the stream will ncitcssarily have

slightly different periodic times. Such being the case, they

will, in the coui-se of many revolutions, gradually scatter thoni.

selves around their entire orbit; and then wo shall have an

equal meteoric shower on every 13th of November. Thirt

complete scattering seems to have actually taken place in the

case of the August meteoroids, since we have nearly the sanio

sort of shower on every 9th or 10th of August. But in tho

case of the November meteors, the stream is not yet scattciid

over one-tenth of the orbit. If we suppose that the motions

of the slowest and the swiftest bodies of the stream only dif-

fer by a thousandth part of their whole amoimt—which is not

an unreasonable supposition—it would follow that the stream

had only made about 100 revolutions around the sun, and had

therefore been revolving only about 3300 years. Though tliis

number is purely hypothetical, we may say with contideiue

that the stream has not been in existence many thousuid

years.

This opinion is strongly supported by the fact that the oihit

of this meteoric comet passes very near that of Ui'anns as well

as that of the earth, so that there is reason to believe that it

was introduced into our system by the attraction of one of

these planets, probably of Uranus. If the comet is seen on its

next return, in 1899, we may hope that its periodic time will

be determined with sufKcient accuracy to enable us to fix with

some probability the exact date at which Uranus brought it

into our system. Indeed, Leverrier has attempted to do this

already, having fixed upon the year 126 of our era as the

probable date of this event ; but, unfortunately, neither the

position of the orbit nor the time of revolution is yet known

with such accuracy as to inspire confidence in this result.
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TIio idea that this November group is Bot.iothinjr coinpara-
tivoly now is strengthened by a comparison with that which
l.r.>ducea the August meteoi-s, where we find a decided i.uirk
of antiquity. Here tlie swiftest of the grou^) has, iu the course
of numerous revohitions, overtaken the slowest, so that the
group is now spread ah.iost ecpially around tiio entire orbit.
The time of rovohition being, in this case, more than a cen-
tury, this equal distribution would take a much longer time
than in the other case, where the period is only thirty-three
years

;
so that wo can say, with considerable probability, that

the August group has been in our system at least twenty
tuues as long as the Noveniber group.

§ 8. The Physical Constitution of Comets.

A theory of the physical constitution of comets, to be both
complete and satisfactory, must be founded on the properties
of matter as made known to us here at the surface of the
earth. That is, we must show what forms and what combina-
tions of known substances would, if projected into the celes-
tial spaces, present the appearance of a cornet. Now, this has
never yet been completely done. Theories without'number
have been propounded, but thiy fail to explain some of the
phenomena, or explain th(un in a manner not consistent with
tlie known laws of matter or force. We cannot stop even to
mention most of these theories, and shall therefore confine our
attention to those propositions which are to some extent sus-
tained by facts, and which, on the whole, seem to have most
probability in their favor.

The simplest form of these bodies is seen in the telescopic
comets, which consist of minute particles of a cloudy or vapor-
ous appearance. Now, we know that masses which present
thi3 appearance at the surface of the earth, where we can ex-
amine them, are composed of detached particles of solid or
liqind matter. Clouds and vapor, for instance, are composed
of mmute drops of water, and smoke of very minute particles
of carbon. Analogy would lead us to suppose that the tele-
scopic comets are of *Jie same constitution. They are gener-
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ally tens of thousands of miles in diameter, and yet of such

tenuity that the smallest stars are seen through them, The

strongest evidence of this constitution is, however, afforded by

the phenomena of meteoric showers described in the last sec-

tion. We have seen that these are caused by our atmosphere

encountering the ddbris of comets, and this debris presents it-

self in the form of -detached meteoroids, of very small magni-

tude, but hundreds of miles apart.

The only alternative to this theory is that the comet is a

mass of true gas, continuous throughout its whole extent.

This gaseous theory derives its main support from the spec-

troscope, which shows the spectrum of the telescopic comets

to consist of bright bands, the nuirk of an incandescent gas

Moreover, the resemblance of these bands to those produced

by the vapor of carbon is so stiiking that it is quite common

among spectroscopists to speak of a comet as consisting of

the gas of some of the compounds of carbon. But there are

several difficulties which look insuperable in the way of tlie

theory that a comet is nothing but a mass of gas. In the

first place, the elastic force of such a mass would cause it

to expand beyond all limits when placed in a position where

there is absolutely no pressure to confine it, as in the celestial

spaces. Again, a gas cannot, so far as experiment has ever

gone, shine by its own light until it is heated to a high tem-

perature, far above any that can possibly exist at distances

from the sun so great as those at which comets have been

situated when under examination with the spectroscope. Fi-

nally, in the event of a purely gaseous comet being broken

up and dissipated, as in tlie case of Biela's comet, it is hardly

possible to suppose that it would separate into innumerable

widely detached pieces, as this comet did. The gaseous the-

ory can, therefore, not be regarded as satisfactory. It may be

that comets will hereafter be found to consist of some combi-

nation of solid and gaseous matter, the exact nature of which

is not yet determined ; or it may be that this matter is of a

nature or in a form wholly unlike anything that we are ac-

quainted with or can produce here ou tlie earth. As the case



THE PHYSICAL CONSTITUTION OF COMETS. 413

nou' Stands, we must regard tlie spectrum of a comet as some,
thing not yet satisfactorily accounted for.

When we turn from telescopic comets to those brilliant
ones which exhibit a nucleus and a tail, we can trace certain
operations which are not seen in the case of the others. What
the nucleus is-whether it is a solid body several hundred miles
in diameter, or a dense mass of the same materials which com-
pose a telescopic comet—we are quite unable to say. But
there can hardly be any reasonable doubt that it is composed
of some substance which is vaporized by the heat of the solar
rays. The head of such a comet, when carefully examined
with the telescope, is found to be composed of successive en-
velopes or layers of vapor; and when these envelopes are
watched from night to night, they are found to be gradually
rising upwards, growing famter and more indistinct in out-
line as they attain a greater elevation, until they are lost in
the outlying parts of the coma. These rising masses form the
tail-shaped appendage described in a preceding section.
Tlie strongest proof that some evaporating process is goincr

Oil fr-n the nucleus of the comet is afforded by the move*^
nients of the tail. It has long been evident that the tail could
not be an appendage which the comet carried alone with it
and this for two reasons: first, it is impossible that there could
1)6 any cohesion in a mass of matter of such tenuity that the
smallest stars could be seen through a million of miles of it
and which, besides, constantly changes its form; secondly, as
a comet flies around the sun in its immediate neighborhooe
tlie tail appeai-8 to move from one side of the sun to another
witli a rapidity which would tear it to pieces, and send the
separate parts flying off in hyperbol''-) orbits, if tiie movement
were real. The inevitable conclusion is that the tail is not a
hxed appendage of the comet, which the latter carries with it
but a stream of vapor rising from it, like smoke from a chim-
ney. As the line of smoke which we now see coming from
the chimney is not the same Avhich we saw a minute ao-o be-
cause the latter has been blown away and dissipated, soVe do
not see the same tail of a comet ail the time, because the mat-

» ;^
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ter which makes Tip the tail is constantly streaming outward^-,

and constantly being replaced by new vapor rising from tlu

nucleus. The evaporation is, no doubt, due to the lieat of the

sun, for there can be no evaporation without heat, and the

tails of comets increase enormously as they approach the sun.

Altogether, a good idea of the operations going on in a cornet

will be obtained if we conceive the nucleus to be composed of

water or other volatile fluid which is boiling away under the

heat of the sun, while the tail is a column of steam rising

from it.

We now meet a question to which science has not yet been

able to return a conclusive answer. Why does this mass of

vapor always fly away from the sun ? That the matter of the

comet should be vaporized by the sun's rays, and that the nu-

cleus should thus be enveloped in a cloud of vapor, is perfect-

ly natural, and entirely in accord with the properties of mat-

ter whicli we observe around us. But, according to all known

laws of matter, tliis vapor should remain around the liead, ex-

cept that the outer po' tions would be gradually detached and

thrown oft" into separate orbits. There is no known tendency

of vapor, as seen on the earth, to recede from the sun, and no

known reason why it should so recede in the celestial spaces.

Various theories have been propounded to account for it ; but

as they do not rest on causes which we have verified in other

cases, they must be regarded as purely hypothetical.

The first of these explanations, in the order of time, is dne

to Kepler, who conceived the matter of the tail to be driven

off by the impulsion of the solar rays, which thus bleached

the comet as they bleach cloths here. If light were an emis-

sion of material particles, as Newton supposed it to be, thi?

view would have some plausibility. But light is now con-

ceived to consist of vibrations in an ethereal medunn ;
and

there is no known way in which they could exert any propel-

ling force on matter. Two or three years ago, it was for

a while supposed that the "radiometer" of Mr. Crookcs might

really indicate such an action of the solar rays upon matter

in a vacuum but it is now found that the action exhibited le

"i'-J



41

THE rUTSICAL CONSTITUTION OF COMETS. 416

really due to a minute quantity of air left in the instrument.
Had Mr. Crookes shown that the motion of liis radiomct"-
was really due to the impulsion of the solar rays, we might
be led to the remarkable conclnsiou that Kepler's theon*
though i-ejected for more than two centuries, was, after all'
quite near the truth.

'

Sir Isaac Newton, being the author of the emission theory
of light, could not dispute the possibility of Kepler's views
being correct, but nevertheless gave the preference to anoth-
er hypothesis. He conceived the celestial spaces to be filled
with a very rare medium, through which the sun's rays passed
without heating it, as they pass through cold air.

"

But the
comet being warmed up by the rays, the medium surroundin-
It is warmed up by contact, and thus a warm current is senl
out from the comet, just as a current of warm air rises from
a lieated body on the surface of the earth. This c^lrrent car-
ries the vapor of the comet with it, and thus gives rise to the
tail in the same way that the current of warm air rising from
a chimney carries up a column of smoke. It has long been
established that there is no medium in the piangary "spaces
ui which such an effect as this is possible : Newton's theoiy
is, tlierefore, no longer considered.

In recent times, Ziillner has endeavored to account for the
tail of the comet by an electrical action between the sun and
the vapor rising from the nucleus of the comet. The various
papers in which he has elaborated his views of the constitu-
tion of comets are marked by profound research; and we
must regard his theories as those which, on the whole, most
completely explain all the phenomena. But they still lack
the one thing needful to secure their reception : there is no
evidence that the sun acts as an electrified body ; and untit
such evidence is adduced by experiment, or by observation on
other bodies than comets, the electric theory of the comet's
tail can only be regarded as a more or less probable hypothe-
sis. Indeed, some physicists claim that any such electric ac-
tion in the planetary spaces is impossible. Before any theory
'"" ^^" definitely settled upon, accurate observations must be

28
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made npon the tails of comets with a view of learning the

law according to which the vapor is repelled from the sun.

Such observations were made by Bessel on Ilalley's comet in

1835, and by various observere on the great comet of 1858.

The former were investigated by Bessel himself, ana the lat-

ter by several mathematicians, among them Professor Peii-ce,

whose re- lilts are found in a paper communicated to the

American Academy in 1859. Tie found the repulsive force

of the sun npon the particles which form the front edge of

the tail to be 1^ times its attractive force upon ordinary

bodies at the same distance. It seemed constantly to diminish

as the back edge of the tail was approached ; but, owing to

the poor definition of this edge, and the uncertainty whether it

was composed of a continuous stream of particles, the amount

of the diminution could not be accurately fixed. The suc-

cessive envelopes were found to ascend uniformly to^vards

the sun at the rate of about thirty-five miles an hour. Bond,

from a careful examination of all the observations, M-as led to

the result that the rate of ascent diminished as the height

became greater.

The question is frequently asked. What would be the effect

if a comet should strike the earth? A sufficient answer is that

the event is too far beyond reasonable probability to give any

interest to the subject.

§ 9. The Zodiacal Light.

This object consists of a very soft, faint column of light,

which may be seen rising from the western horizon after twi-

light on any clear winter or spring evening : it may also he

seen rising from the eastern horizon jnst before daybreak in

the summer or autumn. It really extends out on each side

of the sun, and lies nearly in the plane of tlie ecliptic. The

reason it cannot be well seen in the summer and autumn

evenings is, that in our latitudes the course of the ecliptic in

the south-west is, during those seasons, so near the horizon that

the light in question is extinguished by the great thickness of

atmosijhere throuo'h 'pdiich it has to uass Jsear the enuator,
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where tlie ecliptic always rises high above tlie horizon, the
light can be seen abont equally , ell all the year round. It
grows fainter the farther it is from the sun, and can gener-
ally be traced to about 90° from that luminary, when it grad-
ually fades away. But in a veiy clear atmosphere, between
tlie tropics, it has been traced all the way across the heavens,
from east to west, thus forming a complete rin"-.

Such is the zodiacal light as it appears to the eye. Put-
ting its appearances all together, we may see that it is due to
a lens-shaped appendage of some sort^surrounding the sun,
and extending out a little beyond the earth's orbit. It lies'

very nearly in the plane of the ecliptic, but its exact position
is difficult to determine, not only owhig to its indistinct out-
line, but because in northern latitudes the southern edge will
be dimmed by the greater thickness of atmosphere through
which it is seen, and thus the light will look farther noith
than it really is. The rature of the substance from which
this light emanates is entirely unknown. Its spectrum has
been examined by several obc . .:, some of whom have re-
ported it as consisting of a single yellow line, and therefore
arising from an incandescent gas. This would indicate a len-
ticular-shaped atmosphere of inconceivable rarity surroundino-
the sun, and extending out near the plane of the ecliptic be^-

yond the orbit of the earth. But Professor Wright, of Yale
College, who has made the most careful observations of this
spectrum, finds it to be continuous. For several reasons, too
minute to enter into now, this observation seems to the writer
more likely to be correct. Accepting it, we should be led to
the conclusion that the phenomenon in question is due to re-
Hected sunlight, probably from an immense cloud of meteor-
oids filling up the space between the earth and sun. But fur-
ther researches must be z^jade before a conclusive result can
be reached.

One important question respecting the zodiacal light is sug-

gested by the motion of the perihelion of Mercury already

described. This motion seems to prove one of two thinf>-s

:

either that the sun's gravitation does not strictly follow the

i
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law of the inverse square of the distance, or that there is a

mass of matter of some kind between the earth and the sun.

Can this matter be that from wiiich the "zodiacal light" is

reflected ? It is impossible to make a positive answer to this

question.

Another mysterious phenomenon associated with the zodi-

acal light is known by its German appellation, the Gegcn-

schein. It is said that in that point of the heavens directly

opposite the sun there is an elliptical patch of light, a few de-

grees in extent, of such extreme faintness that it can bo seen

only by the most sensitive eyes,' under the best conditions, and

through the clearest atmosphere. Thia phenomenon seems so

difficult to account for that its existence is sometimes doubted;

yet the testimony in its favor is difficult to set aside.'*

* Tiie latest observations upon this phenomenon have been mmle near Phila-

delphip, by Mr. Lewis, and are found in the American Journal of Science and

Artsfor 1879.
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PART IV.-TEE STELLAR UNIVERSE.

H

INTRODUCTORY REMARKS.
IIiTHEKTo our attention has been principally occupied with

he bodies which surround our sun and make up the solar sys-
tem. Notwithstanding the immense distances at which these
bodies are found, we may regard them, in comparison with the
iixed stars as an isolated family immediately surroundino- „s
since a sphere as large as the whole solar system would ''only
appear as a point to the vision if viewed from the nearest
s ar Ihe space which separates the orbit of Neptune from
the fixed stars and the fixed stars from each other is, so far as
we can learn, entirely void of all visible matter, except occa-
sional waste nebulous fragments of a meteoric or cometary
nature which are now and then drawn in by the attraction of
oiir sun.

The widest question which the study of the stars presents
to us may be approached in this way : We have seen, in our
system of sun, planets, and satellites, a very orderiy and
beautiful structure, every body being kept in its own orbit
through endless revolutions by a constant balancing of cravi-
tating and centrifugal forces. Do the millions of suns and
clusters scattered through space, and brought into view by the
telescope, constitute a greater system of equally orderiy struct-
ure? and, if so, what is that structure? If we measure the
importance of a question, not by its relations to our interests
and our welfare, but by the intrinsic greatness of the subject
to which It relates, then we must regard this question as one
ot the noblest with which the human mind has ever been

"f^
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occupied. In piercing tlie mystery of tlie solar system, and

showing that the earth on which we dwell was only one of

the smaller of eight planets which move around the sun, wo

made a great step in the way of enlarging our ideas of the

immensity of creation and of the comparative insignificance

of our sublunary interests. But when, on extending our view,

we find our snn to be but one out of unnumbered milliouG, we

see that our whole system is but an insignificant part of crea-

tion, and that we have an immensely greater fabric to study.

When we have bound all the stars, nebulae, and clusters which

our telescopes reveal into a single system, and shown in what

manner each stands related to all the others, we shall have

solved the problem of the material universe, considered, not in

its details, but in its widest scope.

From the time that Copernicus showed the stars to be self-

luminous bodies, situated far outside of our solar system, the

question thus presented has occupied the attention of the phil-

osophical class of astronomers. The original view, which has

been the starting-point of all speculation on the subject, \<q

have described in the Introduction as that of a spherical uni-

verse. The apparent sphericity of the vault of heaven, the

uniformity of the diurnal revolution, and the invariability of

the relative positions of the stars, all combined to strengthen

the idea that the latter were set on the interior surface of a

[lollow sphere, having the earth or the sun in its centre. This

sphere constituted the firmament of the ancients, outside of

which was situated the empyrean, or kingdom of fire. Coper-

nicus made no advance whatever on this idea. Galileo and

Kepler seem to have made the first real advance—the former

by resolving the Milky Way into stars with his telescope, the

atter by suggesting that our sun might be simply one of nu-

merous stars scattered through space, looking so bright only

on account of our proximity to it. In the problem of the

stellar system this conception held the same important place

which thai of the earth as a planet did in the problem of the

solar system. But Kepler was less fortunate than Copernicus

in that he failed to commend his idea, even to his own judg
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n.ent. It was by affording a starting-point for the researches
of Ivant and Ilerseliel that Kepler's suggestion really bore
iriiit.

Notwithstanding the amount of careful research which
Ilerschel and his successors have devoted to it, we are still
very far from having reached even an approximate solution
ot the problem of which we speak. In whatever direction we
pursue It, we soon find oui-sehes brought face to face with the
infinite in space and time. Especially is this the case when
we seek to know, not simply what the universe is to-dav, but
what causes are modifying it from age to age. All the knowl-
edge that man has yet gathered is tlien found to amount to
nothing but some faint glimmers of light shining here and
there through the seemingly boundless darkness. The glim-
mer IS «. little brighter for each successive generationt but
many centuries must elapse before we can do much more
than tell how the nearer stars are situated in space. Indeed
we see as yet but little hope that an inhabitant of this planet
will ever, from his own observations and those of his prede-
cessors, be able to completely penetrate the mystery in which
the structure and destiny of the cosmos are now enshrouded
However this inay be in the future, all we can do at present
IS to form more or less probable conjectures, founded on all
we know of the general character of natural law. In a strictly
scientific treatise, such conjectures would find no place ; and
if we had to grope in absolute darkness, thev would be en-
tn-ely inappropriate in any but a poetical or religious produc-
tion. But the subject is too fascinating to permit us to neg-
lect the faintest light by the aid of which we may penetrate
tlie mystery; we shall therefore briefly set forth both what
nien of the past have thought on the subject, what the science
of to day enables us to assert with some degree of probability
and what knowledge it wholly denies us. To proceed in sci-
entific order, we must commence by laying a wide foundation
ot tacts. Our first step will therefore be to describe the heav-
ens as they appear to the naked eye, and as they are seen in
the telescope.

I !
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CHAPTER I.

THE STARS AS TUFA ARE SEEN.

§ 1. Number and Orders of Stars and Nehulce.

The total number of stars in tlie celestial sphere visible

with the average naked eye may be estimated, in round num-

bers, as 5000. The number varies so much with the perfec-

tion and training of the eye, and with the atmospheric condi-

tions, that it cannot be stated very definitely. AVhen tlie tele-

scope is pointed at the heavens, it is found that for every star

visible to the naked eye there are hundreds, or even thousands,

too minute to be seen without artificial aid. From the counts

of stars made by Ilerschel, Struve has estimated tliat the total

number of stars vieible with llerschel's twenty-foot telcscoije

was about 20,000,000. The great telescopes of modern times

w^oiild, no doubt, show a yet larger number; but a reliable

estimate has not been made. The number is probably some-

where between 30,000,000 and 50,000,000.

At a very early age, the stars were classified according to

their apparent brightness or magnitude. The fifteen brightest

ones were said to be of the first magnitude; the fifty next in

order were termed of the second magnitude, and so on to the

sixth, which comprised the faintest stars visible to the naked

eye. The number of stai-s of each order of magnitude be-

tween the north pole and the circle 35° south of the equatoi'

is about as follows

:

Of magnitude 1 there are about . 14 stars.

" 2 " 48 "
" 3 " 152 "
*' 4 " 313 "
" 5 " 854 •'

" 6 " 2010 '•

Total visible to naked eve 3391 "
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This limit includes all the stars which, in the Middle States,
culminate at a greater altitude than 15°. The number of the
sixth magnitude which can be seen depends very much upon
the eye of the observer and the state of the sky. The forego-
ing list includes all that can be seen by an ordinary good eyf;
in a clear sky when there is no moonlight; but the German
astronomer IIeis,from whom these numbers are taken, gives a
list of 1964 more which he believes lie can see without a glass.
The system of expressing the brightness of the stars by a

series of numbers is continued to the telescopic stars. The
smallest star visible with a six-inch telescope under ordinary
circumstances is commonly rated as of the thirteenth magni-
tilde. On the same scale, the smallest stars visible with "the
largest telescopes of the world would be of about the six-
teenth magnitude, but no exact scale for these very faint stars
has been arranged.

Measures of the relative brilliancy of the stars indicate
that, as we descend in the scale of magnitude, the .quantity
of light emitted diminishes in a geometrical ratio, the stars
of each order being, in general, between two-fifths and one-
third as bright as those of the order next above them. This
order of diminution is not, however, exact, because the arrange-
ment of magnitudes has been made by mere estimation of tn-
dividnal observers who may have hit on different and varying
ratios; but it is a sufficient approach to the truth for common
purposes. From the second to the fifth magnitude the dimi-
nution is probably one -third in each magnitude, after that
«bout two-fifths. Supposing the ratio two-fifths to be exact,
we find that it would take about

2^ stars of the second magnitude to make one of tlie first.

6 "
tliird " «« n

16 "
fourth " «« ««

40 "
fifth " t4 t(

•too "
sixth » «« .«

10,()00 ••
eleventh " »«

1,000,000 "
sixteenth «' «« «»

The number of stars of the several scales of magnitude
vai-y in a ratio not far different from the invei-se of that of

:...n]
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their brightness, tho ratio heiii;? ft little greater in the ease of

the higher nnvgnitudos, and prohahly a little less in the case

of the lower ones. ThuH, wo nee that there are about throe

times aa many stars of the second magnitnde as of the lir.-t,

three times as many of the third as of the second, and after

that something less than three times as many of each niii^ni-

tudo as of the magnitude next above, ('omparing this with

the table of relative brightness just given, we nniy conchidc

that if all the stars of each magnitude were condensed into a

single one, the brightness of the combined stars thus foriucd

would not vary extravagantly from one to another until we

had passed beyond the ninth or tenth magnitude. But it is

certain that the brightness would ultimately diminish, because

otherwise there would be no limit to the total amount of light

given by the stars, and the whole heavens would sliinc Hke

the sun.

Tlie reader will, of course, understand that this arrange-

ment by magnitude is purely artificial. Really the stars are

of every order of brightness, varying by gradations whicli arc

entirely insensible, so that it is impossible to distinguish be-

tween the brightest star of one magnitude and the faintest of

the magnitude next above it. Hence, those astronomers wlm

wish to express magnitudes with the greatest exactness, divide

them into thirds or even tenths ; so that, for instance, stars be-

tween the sixth and seventh magnitudes are called 6.1, C.2,

G.3, and so on to 6.9, according to their brilliancy. Various

attempts have been made to place the problem of the rehitive

amounts of light emitted by the stars upon a more exact basis

than this old one of magnitudes, but this is a very difficult

thing to do, because there is no way of measuring light except

by estimation with the eye. In order to measure the relative

intensity of two lights, it is necessary to have some instrument

by which the intensity of one or both the lights may be varied

until the two appear to be equal. Instruments for this pur-

pose are known as photometers, and are of various construc-

tions. For comparing the light of different star?, the photom-

eter most used at the present time is that of ZoUner T^*^Bj
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tills instri.Micrit tho light of tlio stars, as seen tliron^h a small
teIc8coi)e, 18 compared b(.th in color and intensity with that of
an artiHc.al star, tho light of which can bo varied at pleasure.
A complete set of measures with this instrument, including'
most of the brighter stars, is one of tho wants of astronon.y
which we may soon hope to see supplied. The most extended
recent series of photometric estimates with which tho writer
18 acquainted is that of Professor Seidel, of Munich, which in-
cludes 20<J stars, the smallest of which are of the fifth magni-
tude. An interesting result of these estimates is that Sirius
gives us four times as much light as any other star visible in
our latitude.

Catalogues of Stars.~lix nearly every age in which astron-
omy has flourished catalogues of stars have been made, giving
tlieir positions in the heavens, and the magnitude of each.
Iho earliest catalogue which has come to us is found in the
"Almagest" of Ptolemy, and is supposed to be that of Ilippar-
chus, who flourished 150 years before the Cliristian era It
18 said, but not on the best authority, that he constructed it in
order that future generations might find whether any chan-e
had in the mean time taken place in the starry heavens. An
examination of the catalogue shows that the constellations pre-
sented much the same aspect two thousand years ago that they
do now. There are two or three staiB of his catalofrue which
cannot now be certainly identified ; but it is probabfe that the
difhculty arises from the imperfection of the catalogue, and
troni the errors which may liavo crept into the numerous
transcriptions of it during the sixteen centuries which elapsed
befure the art of printing was discovered. The catalogue of
Uipparchus contains only about 1080 stars, so that he could
not have given all that he was able to see. He probably omit-
ted many stars of the smaller magnitudes. The actual num-
ber given in the "Almagest" is still less, being only 1030.
The next catalogue in the order of time is that of Ulugh

lieigh, a son of the Tartar monarch Tamerlane, which dates
h'om the fifteenth century. For the most part, the stars are
the same as in the catalogue of Ptolemy, only the places were

k* '•!
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redetermined from the observations at Samarcand. It con.

tains 1019 stars, eleven less than Ptolemy gives. Tycho Brahe,

having made so great an improvement in the art of observa-

tion, very naturally recatalogned the stars, determining their

positions with yet greater accuracy than his predecessors. His

catalogue is the third and last important one formed before

the invention of the telescope. It contains 1005 stars.

Our modern catalogues may be divided into two classes:

those in which the position of each star in the celestial sphere

(right ascension and declination) is given with all attainable

precision, and those in which it is only given approximately,

so as to identify the star, or distinguish it from others in its

neighborhood. The catalogues of the former class are vei-v

numerous, but the more accurate ones are necessarily incom-

plete, owing to the great labor of making the most exact de-

termination of the position of a star. There are, perhaps,

between ten or twenty thousand stars the positions of which

are catalogued with astronomical precision, and a hundred

thousand more in which, though entire precision is aimed at,

it is not attained. Of the merely approximate catalogues, the

greatest one is the " Sternverzeichniss " of Argelander, which

enumerates all the stars down to the ninth magnitude between

the pole and two degrees south of the equator. The work

fills three thin quarto volumes, and the entire number of stars

catalogued in it exceeds three hundred thousand. This " star

census " is being continued to the south pole at the observa-

tory of Cordoba, South America, by Dr. Gould. Of the mill-

ions of stars of the tenth magnitude and upwards, hardly one

in a thousand is, or can be, individually known or catalogued.

Except as one or another may exhibit some remarkable pecu-

liarity, they must pass unnoticed in the crowd.

Division into Constellations.—A single glance at the heavens

shows that the stars are not equally scattered over the sky, but

that great numbers of them, especially of the brighter ones,

are collected into extremely irregular groups, known as con-

stellations. At a very early age the heavens were represented

as painted over with figures of men and animals, so arranged
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as to include the principal stars of each constellation. There
is no historic record of the time wlien this was done, nor of the
principles by which those who did it carried out tjieir work;
but many of the names indicate that it was durincr the heroic
f-ge. Some have songht to connect it with the Argonautic ex.
pedition, from the fact that several heroes of that expedition
^ye^e among tliose thns translated to the heavens ; but this is

little more than conjecture. So little pains was taken to fit

the figures to the constellations that we can hardly suppose
them to have all been executed at one time, or on anv well-
defined plan. Quite likely, in the case of names of heroes,
the original object was rather to do honor to the man than to
serve any useful purpose in astronotny. AVhate- n- their ori-
gin, these names have been retained to the present day, al-
though the figures which they originally represented no longer
serve any astronomical purpose. The constellation Hercules,
for instance, still exists; but it no longer represents the figure
of a man among the stars, but a somewhat irregular portion
of the heavens, including the space in which the ancients
placed that figure. In star-maps, designed for school instruc-
tion and for common use, it is still customary to give theso
figures, but they are not generally found on maps designed
for the use of astronomers.

Xaming the Stars.—ThQ question how to name the individ-
ual stars in each constellation, so as to readily distinguish
them, has always involved some difficulty. In the ancient
catalogues they were distinguished by the part of the figure
representing the constellation in which they were found ^ as,
the eye of the Bull, the tail of the Great Bear, the right shoul-'
der of Orion, and so on. The Arabs adopted the plan of giv-
ing special names to each of the brighter stai-s, or adopting
such names from the Greeks. Thus, we have the well-known
stars Sirius, Arcturus, Procyon, Ald3b?.ran, and so on. Most
of these names have dropped entirely on. of astronomical use,
though still found on some school maps of the stars. The
system now most in use for the brighter stars was designed by
Bayer, of Augsburg, Germany, about IGIO. lie pubfished e

4 "^ V fc
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Bet of star-maps, in wliich the individual stars of each constel-

lation were designated by tlie letters of the Greek alphabet—

a, /3, y, etc. The first letters wore given to the brightest stars,

the next ones to the next brightest, and so on. After the

Greek letter is given the Latm name of the constellation in

the genitive case. Thus, Alpha (n) Scorpii, or Alpha of tlie

Scorpion, is tlie name of Antares, the brightest star in Scor-

pins ; a Lyroe, of the brightest star in the Lyre ; and so on.

We have here a resemblance to our system of naming men,

the Greek letter corresponding to the Christian name, and the

constellation to the surname. When the Greek alphabet was

exhausted, without including all the conspicuous stars, the

Latin alphabet was drawn upon.

The liayer system is still applied to all the stars named by

him. Most of the other stars down to the lifth magnitude are

designated by a system of numbers assigned by Fhunstecd in

his catalogue. Yet other stars are distinguished by tiieir num-

bers in some well-known catalogue. When this method fails,

owing to the star not being catalogued, the position in the

heavens must be given.

The Milky Way, or Galaxy.—To the naked eye so much of

the Galaxy as can be seen at one time presents the appearance

of a white, cloud-like arch, resting on two opposite points of

the horizon, and rising to a greater or less altitude, according

to the position of the celestial sphere relative to the observer.

Only half of the entire arch can be seen above the horizon at

once, the other half being below it, and directly opposite the

visible half. Lideed, there is a portion of it which can never

be seen in our latitude, being so near the south pole that it

is always belo\v our horizon. If the earth were removed, or

, made transparent, so that we could see the whole celestial

sphere at once, the Galaxy would appear as a complete belt

extending around it. The telescope shows that the Galaxy

arises from the light of countless stars, too minute to be sep-

arately visible with the naked eye. We find, then, that the

telescopic stars, instead of being divi'^ed up into a limited

number of constellations, are mostly con.densed in the region
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of the Galaxy. They are least numerous in the regions most
distant from the galactic belt, and grow thicker as we ap-
proach it. The more powerful the telescope, the more marked
the condensation is. W.tli the naked eye, the condensation is

hardly noticeable, unless by actual count : a very small tele-
scope will show a decided thickening of the stars in and near
the Galaxy; while, if we employ the most powerful telescopes,
a large majoi-ity of the stars they show are found to lie act-
ually in the Galaxy. In other words, if we should blot out
all tlie stars visible with a twelve-inch telescope, we should
find that the greater part of the remaining stars were in the
Galaxy. The structure of the universe wfiich this fact seems
to indicate will be explained in a subsequent section.

C//wfera.— Besides this gradual and regular condensation
towards the galactic belt, occasional condensations of stars
into clusters may be seen. Indeed, some of these clusters are
visible to the naked eye, sometimes as separate stars, like the
Pleiades, but more commonly as milky patches of light, be-
cause the stars are too small to be seen separately. The num-
ber visible in powerful telescopes is, however, much greater.
Sometimes there are hundreds, or even thousands, of stars visi-

ble in the field of the telescope at once; and sometimes the
number is so great, and the individual stars so small, that they
cannot be counted even in the most powerful telescopes ever
made.

XMa\—Another class of objects wliich are found in the
celestial spaces are irregular masses of soft, cloudy light,
which are hence termed nebulee. Many objects which look
like nebulas in small telescopes are found by more powerful
ones to be really star clusters. But, as we shall hereafter
show, inany of these objects are not composed of stars at all,

but of immense masses of gaseous matter.

§ 2. Description of the Principal Constellations.

For the benefit of the reader who wishes to make himself
acquainted with the constellations in detail, or to identify any
bright star or constellation which he may see, we present -a,
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brief description of the principal objects which may be seen

in the heavens at different seasons, ilhistrated by five maps,

showing the stars to tlie fifth magnitude inchisive. The

reader who does not wish to enter into these details can pass

to the next section without any break of the continuity of

thought.

For the purpose of learning the constellations, the star-

maps will be a valuable auxiliary. It will be better to begin

with the northern, or circumpolar, constellations, because these

are nearly always visible in. our latitude. The first one to be

looked for is Ursa Major (the Gi-eat Bear, or the Dipper), from

which the pole star can ahvf ys be found by means of the

pointers, as shown in Fig. 2, page 10. Supposing the observer

to look for it at nine o'clock in the evening, he will see it in

various positions, depending on the time of year, namely, in

April and May north of the zenith.

July and August to the west of north, the pointers lowest.

October and November close to the north horizon.

January and February to the east of north, the pointers iiighest.

These successive positions are in the same order with those

whj ;h the constellation occupies in consequence of its dinrr.al

motion around the pole. The pointers are in the body of the

bear, while the row of stars on the other end of the constella-

tion forms his tail.

Ursa Minor, or the Little Dipper, is the constellation to

which the pole star belongs. It includes, besides the pole

star, another star of the second magnitude, which lies nearly

in the direction of the tail of Ursa Major,

Cassiopeia, or the Lady in the Chair, is on the opposite side

of the pole from Ursa Major, at nearly the same distance.

The constfV, tion can be readily recognized from its three or

four bright stars, disposed in a line broken into pieces at right

angles to each other. In the ancient mythology, Cassiopeia is

the queen of Cepheus ; and in the constellation she is repre-

sented as seated in a large chair or throne, from which she is

issuing her edicts.

Perseus is quite a brilliant constellation, situated in the
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Milky Way, east* of Cassiopeia, and a little farther fr«m thepoe It may be recognized by a row of conspicuous stars
extending along the Milky Way, which passes directly through
this constellation. ^

Other circumpolar constellations are Cepheus, the Catnelo-
pard, the Lynx, the Dragon {Draco), and the Lizard

; but they
do not contain any stars so bright as to attract especial atten-
tion. The reader who wishes to learn them pan easily tind
them by comparing the star-maps with the heavens
Owing to the annual motion of the sun among the stars, the

constellations which are more distant from the pole cannot be
seen at all times, but must be looked for at certain seasons,
unless inconvenient hours of the night be chosen. We shall
describe the more remarkable constellations as they are seen
by an observer in middle north latitudes in four different
positions of the .tarry sphere. The sphere takes all four of
these positions every day, by its diurnal motion; but some of
these positions will occur in the daytime, and others late at
night or early in the morning.
Fust Position, Orion on the Meridian. -Yy^e constellations

soutli of t.ie zenith are those shown on Maps 11. and III the
former being west of the meridian, the latter east. This iosi-
tion occurs on

' ^

December 21st „ ^-j • i..
T „, at midnight.
Jfinuary 21st „nn - f i

T. , n„ ,
at 10 o'clock P.M.

Febiuaiy 20tli „» q > , i

n, , „, at 8 oclock I'.M.
^''''^ 21st

^^ g ^,^,^^^ ^. ^
And so on through the year. In this position, Cassiopeia and
Ursa Major are near the same altitude, the former high up in

In the celestial sphere the points of the compass have, of necessity, a mean.St ""' "'" '•''""' '"'" ^'"' "'^"^'^ ^^'« """'"^« ^« "'- on the Tr h.

on of the dmrnal motion
;

east, in the opposite direction. In Fig. 2, the arrows
1
point west and by examining the figure it will be seen that below .he poleno h IS upwards, and east is towards the west horizon. Reallv, these definitI'ons

Id equa ly true for the earth, the same differences being found between Zpoints of the compass at different places on the earth-here and in China, for i„.'istice—that we see un the celestial sphere.

29
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the north-west, the latter in the north-east. The Milky Waj

spans the heavens like an arch, resting on the horizon in tlie

north-north-west and south-south-east. We shall first describe

the constellations in its course.

Cygnus, the Swan, is sinking below the horizon, where tlie

Milky Way rests upon it in the north-north-west, and only a

few stars of it are visible. It will be better seen at another

season.

Next in order come Cepheus, Cassiopeia, and Perseus, wliicli

we have already described as circunipolar constellations.

Above Perseus lies Auriga, the Charioteer, which may l)e

readily rer-nojnized by a bright star of the fii-st magnitude,

called Capelia, the Goat, now a few degrees north-west of tlio

zenith. Auriga is represented as holding a goat in his a.-in.

in the body of v/!'ich this star is situated. About ten dc!>iees

east of Capelia is the star ^ Aurigse of the second magnitude;

while still farther to the east is a group of small stars which

also belongs to the same constellation. The latter extends

some distance south of the zenith.

The Milky Way next passes between Taurus and Gemini,

which we will describe presently, i*nd then crosses the equator

east of Orion, the most brilliant constellation in the heavens,

having two stars of the first magnitude and four of the second.

The former are Betelgnese, or a Orionis, which is highest up,

and may be recognized by its reddish cobr, and Rigel, or
ft

Orionis, a sparkling white star, lower down, and a little to the

west. The former is in the shoulder of the figure, the latter

in the foot. Between the two, three stars of the second niai;-

nitude, in a row, form the belt of the warrior.

Canis Minor, the Little Dog, lies just across the Milky Way

from Orion, and may be recognized by the bright star Pro-

cyon, of the first magnitude, due east from Betelguese.

Canis Major, the Great Dog, lies south-east of Orion, and is

easily recognized by Sirins,the brightest fixed star in the heav-

ens. A number of bright stars south and south cast of Sirius

belong to this con: tellation, making it one of j^^rcat brilliancy.

As the Milky Way appr»)aches the souti* horizon, it passes

1
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tiirough Argo Navis, tlie SJiip Argo, which is partly below the
horizon. It contains Canopus, the next brightest star to Siri-
us; but this object is below the horizon, unless the observer is
as far south as 35° of north latitude.

AVe can next trace such of the zodiacal constellations as are
high enough above the horizon. In the west, one-third of the
way from the horizon to the zenith, will be seen A,ies, the
l.am, whicli may be recognized by three stars of the second
third, and fourth magnitudes, respectively, forming an obtuse-
angled triangle, the brightest star being the highest The
arrangement of these stars, and of some others of the iifth
magnitude, may be seen by Ma;: II,

Taurus, the Bull, is next above Aries, and may be reco-
nized by the Pleiades, or "seven stars," as the group is com-
monly called. Really there are only six stars in the group
clearly visible to ordinary eyes, and an eye which is good
enough to see seven will be likely to see four others, or eleven
in all. A telescopic view of this group will be given in con-
nection with the subject Ox clusters of stars. Another group
ni this constellation is the IIyades,ihe principal stars of which
are arranged in the form of the letter Y, one extremitv of the
\ being formed by Aldebaran, a red star ranked as of the
lirst magnitude, but not so bright as a Orionis

Gemini, the Twins, lies east of the Milky Way, and may be
found on the left side of Map II. and the right of Map III
llie brightest stars of this constellation are Castor and Pollux
or a and /3, which lie twenty or thirty degrees south-east or
east of the zenith, about one-fourth or one-third of the way
to the horizon. They are almost due north from Procyon •

aiafc IS, a line drawn from Procyon to the pole star passes be-
nveen them. The constellation extends from Castor and Pol-
lux some distance south and west to the borders of Orion

Canca^, the Crab, lies east of Gemini, but contains no bright
star. The most noteworthy object within its borders is Pra;-
sepc, a group of stars too small to be seen singlv, which ap-
pears as a spot of milky light. To see it well, the night must
!^e perfectly clear, and the moon not in the neighborhood.

JH*
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Leo, the Lion, contains the bright star Reguhis, about two

hours above the eastern horizon. This star, witli live or six

smaller ones, forms a sickle, Eegulus being the handle. The

sickle is represented as in the breast, neck, and iiead of the

lion, his tail extending nearly to the horizon, where it ends at

the star Denebola, now jnst risen.

Such are the principal constellations visible in the supposed

position of the celestial sphere. If the hour of observation is

different from that supposed, the positions of the constellations

will be different by the amount of diurnal rotation during the

interval For instance, if, in the middle of March, we study

the heavens at eight o'clock instead of six, the western stars

will be nearer the horizon, tlie southern ones farther west, and

the eastern ones higher up than we have described them.

Second Position of the Celestial Sphere.— The meridian in

twelve hours of right ascension, near the left-hand edge of

Map III., and the right-hand edge of Map IV. The stars on

Map III. are west of the meridian, those of Map IV. east of it.

This position occurs on

March 21st at midnight.

April 20th a* 10 o'clock.

May 21st «* ^ o'clock.

In this position Ursa Major is near the zenith, and Cassiopeia

in the north horizon. The Milky "Way is too near the liorizon

to be visible ; Orion has set in the west ; and there are no very

conspicuous constellations in the south. Castor and Pollux are

visible in the north-west, at a considerable altitude, and Pro-

cyon in the west, about an hour and a half above the horizon.

Leo is west of the meridian, extehjing nearly to it, while three

new zodiacal constellations have eome into sight in the east.

Virgo, the Virgin, has a single bright star—Spica—about

' the brilliancy of Eegulus, now about one hour east of the me-

ridian, and a little more than half-way from the zenith to the

horizon.

Libra, the Balance, has no stars which will attract attention.

The constellation may be recognized by its position between

Virgo and Scorpius.
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Scorpius, the Scorpion, is just rising in the south-east, and 13

not yet hig!i enough to be well seen.

Among the constellations north of the zodiac we have

:

Coma Berenices, the Ilalr of Eerenice, now exactly on the
meridian, and about ten degrees south of the zenith. It is a
close, irregular group of very small stars, quite different from
anything else in the hea\ens. In the ancient mythology, Ber-
enice had vcwed her hair to the goddess Venus; but Jupiter
carried it away from the temple in which it was deposited,
and made it into a constellation.

Booies, the Bear-keeper, is a large constellation east of Coma.
It is marked by Arcturur, a very bright but somewhat red
star, an hour and a half cast of Coma Berenices.

Canes Venatici, the Hunting Dogs, are north of Coma. They
arc held in a leash by Bootes, and are chasing Ursa Maior
round the pole.

Corona Borealis, the Northern Crown, lies next east of Bootes
in the north-east. It is principally composed of a pretty semi-
circle of stars, supposed to form a chaplet, or crown.
Third Position of the* Sphere.—The southern constellations

are those shown on Maps IV. and V., those of Map IV. being
west of the meridian, and those of Map V. east of it. This
position occurs on

J""« 21st at midnight.
J"b' 21st at 10 o'clock.
A"g"st 21st at 8 o'clock.

«t°
etc.

In this position the Milky Way is once more in sight, and
seems to span the heavens, but we do not see the same part
of it which was visible in the first position. Cassiopeia 18

now in the north-east, and Ursa Major has passed over to the
north-west. Arcturus is two or three hours high in the west,
and Corona is above it, two or three hours west of the zenith.
Commencing, as in the first position, with the constellations
which lie along the Milky Way, we start upwards from Cas-
siopeia, pass Cepheus and Lacerta, neither of which contains
any striking stars, and then reach
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Cygnus, tho Swan, now north-east from the zenith, which

may be recognized by four or fi\o stars forming a cruHs, tli-

rectly in the MilkV li l^ \c brightest of these stars some-

what exceeds the bri<rbu ;l ones of Cassiopeia.

Lyra, tho Harp, is west and sotrili-'vest of Cyf nis, and near

the zenith. It contains the brifjhl star Vega, or a Lyrjv, of

the first magnitude, of a brilliant white color with a tinge of

blue.

Passing south, over Vv.lpecxil:, the Little Fox, and Sagiita,

the Arrow, the next striking constellation we reach is

Aquila, the Eagle, now midway between tiie zenith and tlic

horizon, and two hours east of the meridian. It contains ji

bright star— Altair, or a Aquilse— situated between two

smaller ones, the row of three stars running nearly north iu.d

south.

We next pass west of the Milky Way, and direct our atten-

tion to a point two hours west of tho meridian, and some dis-

tance towards the south horizon. Here we find

Scorpius, the Scorpion, a zodiacal constellation and a <[nite

brilliant one, containing Antares, or a Scorpii, a reddish star

of nearly the first magnitude, with a smaller star on each side

of it, and a long curved row of stars to the west.

Sagittarius, the Archer, comprises a large collection of sec-

ond-magnitude stars east of Scorpius, and in and east of the

Milky Way, and now extending from the meridian to a point

two hours east of it.

Capricornus, the Goat, another zodiacal constellation, is now

in the south-east, but contains no striking stars. Tlie same

remark applies to Aquarius, the Water-bearer, which has just

risen, and Pisces, the Fishes, partly below the eastern horizon.

Leaving the zodiac again, we find, north of Scorpius and

west of the Milky Way, a very large pair of constellations,

called Ophiuchns, the Serpent-bearer, and Serpens, the Serpent,

Ophiuchus stands with one foot on Scorpius, while his head is

marked by a star of the second magnitude twelve degrees

north of the equator, and now on the meridian. It is, there-

fore, one-third or one-fourth of the way fvom the zenith to the
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horizon. The Serpent, which ho holds in Ijis hands, lies with
its tail in an opening of the Milky Way, south- west of Aquila,
while its neck and head are formed hy a collection of stars oi
the second, third, and fourth magnitudes some distance north
of Scorpius, and extending up to the borders of Houtes.

Ifercuks is a very lai'ge constellation, bounded by Corona
en the west, Lyra on the east, Ophiuchus on the south, and
Draco on the north. It is now in the zenitli, but contains no
striking stars.

Draco, the Dragon, lies with his liead just north of Hercules,
while his body in marked by a long curved row of stars ex-
touduig round the pole between the Great and the Little Bear.
His head is readily recognized by a collection of stars ol the
second and third magnitudes which might well suggest such
an object.

Fourth Position of the Sphere.—The southern constellations
are now found on Maps V. and IL-those of Map V. west of
tiie meridian, those of Map IL east of it. The times are

:

September 21st
at midnight.

S""'^^''^^'*' 4 at 10 o'clock.
November 20th * „t g „.^,^.^
December21st

at C o'clock.

In this position Cassiopeia is just north of the zenith, while
Ursa Major is glimmering in the north horizon. Followine
the Milky Way from Cassiopeia towards the west, we shaH
cross Cepheus, Cygnus, Lyra, and Aquila, while 'owards the
cast we pass Perseus and Auriga, all of which have been de-
scribed.

In the south, the principal constellation is Pegasus, the Fly^
icg Horse, distinguished by four stars of the second magni-
tude, which form large square, each side of which is about
fourteen degrees.

Andromeda, her hands in chains, is readily found by a row
of three bright stars extending north-east from the north-east
corner of Pegasus in the direction of Perseus.

Cetus, the Whale, is a large constellation in the south, ex-
tending from the meridian to a point three hours east of it.

t 1
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Its briglitost stai-s are /3 Ceti, now near tlio mcvidian, at an aV

titudo of 20°, wh'uih stands by itpeU', and a Ceti, about 20'' be-

low Aries, wbicli is now about 30° soutb-east from tbe zenith.

The reader who wisbes to eonsult tbe constellations in

greater detail can readily do so by means of tbe star -maps.

§ 3. New and Variable Stars.

Tbe large majority of atai-s always appear to lie of tbe Rame

brigbtness, tbougb it is quite possible tbat, if tlie (pnuitity of

ligbt emitted by a star could be measured witb entii-o prcei-

Bion, it would be found in all cases to vary slightly, fruiu time

to time. There are, however, quite a number of stars iu which

tbe variation is so decided tbat it has been detected by com-

paring their apparent brightness witb tbat of other stars at dif-

ferent times. More than a hundred such stars are now known

;

but in a large majority of cases tbe variation is so sliglit that

only careful observation with a practised eye can perceive it.

There are, however, two stars in whicb it is so decided tliat

tbe most casual observer bas only to look at tbe proper times,

in order to see it., Tliese are (3 Persei and o Ceti, or Algol

and Mira, to which we might add tj Argus, a star of the south-

ern bemi^pbere, wbicli exhibits variations of a very striking

character.

Variations of Algol— Tins star, marked (i in the constel-

lation Perseus, may be readily found on Maps I. and II., in

right ascension 3 bonrs and declination 40° 23'. When once

found, it is readily recognized by its position nearly iu a line

between two smaller stars. Tbe most favorajble seasons for

seeing it in tbe early evening are the autumn, winter, and

spring. In autumn it will, after sunset, generally be low

down in tbe nortb-east; in winter, high np in the north, not

far from tbe zenitb ; and in spring, low down in the north

west. Usually it sbines as a faint second-magnitude star: on

an aecnrate scale the magnitude is about 2^. But at inter-

vals of a little less tban three days, it fades out to tbe fourth

magnitude for a few hours, and then resumes its usual splen-

dor once more. These changes were first noticed about two
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conturies a/>o, but it wa*f not till 1782 that they were accu-
rately oi)8erverl. The pericnl is now known to bo 2 days 20
hours, 4!) n.inutcs-that i., 3 honrs 11 minutes loss than tln-eo
days. It takes about four hourH and a half to fade away to
it^ least brilliancy, and f„iu- hours more are spent in recover-
ing,' its light; so that there are nine and a half hours dnrhm
ouch period in which its li<,dit is below the avera-e. JJut near
tl.o begnun-n- and end of the variations, the chan-e is very
slow so that there arc not more than five or six hou.-s during
winch the ordinary eyo would see that the star was any smaller
than usual.

The apparent regularity of this variation of light at first
suggested, as an explanation of its cause, that a la.-e dark
planet was revolving round Algol, and passed over its face
!it every revolution, thus cutting off a portion of its li-dit.
Tins theory accounts very well for the salient features" of
the variation. Unt when the latter came to be studied more
closely and carefully, it was found that there were small irreo-,
ularities m the variation which the theory would not well ac-
count for. The period of the variation was found to chancre a
little at different times, while the star does not lose and recover
Its light in the same time as it would if the passage of a dart
body caused the changes.

Another remarkable variable star, hut of an entirely diffei
ent type, is o Ceti, or J//m (the Wonderful). It may be found
on Map II. in right ascension 2 hours 12 minutes, declination
'i 39 south. During most of the time this star is entirely
invisible to the naked eye, but at intervals of about eleven
months It shines forth with the brilliancy of a star of the sec-
ond or third magnitude. It is, on the average, about forty
days from the tune it first becomes visible until it attains its
greatest brightness, and it then requires about two months to
become invisible; so that it comes into sight more rapidly
than It fades away. It is expected to attain its greatest brill-
iancy in November, 1877; in October, 1878, and so on, about
a month earlier each year; but the period is quite irreo-ular
••angmg from ten to twelve months, so that the times of its'

!H.

i
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appearance cannot be predicted with certainty. Its maximum
brilliancy is also variable, being sometimes of the second niao--

nitiido, and at others only of the third or fourth.

ij Arrjus.-—Perhaps the most extraordinary known varialjle

star in the heavens is jj Argus, of the southern hemisphei-e, of

which the position is, right ascension, 10 hours 40 minutes;

declination, 59° V south. Being so far south of the equator,

it cannot be seen in our latitudes, and the discovery and ob-

servations of the variations of its light have been generally

made bv astronomers who have visited the southern hemi-

sphere. In 1677, Ilalley, while at St. Helena, found it to be

of the fourth magnitnde. In 1751, Lacaille found that it had

increased to the second magnitude. From 1828 to 183S it

ranged between the first and second magnitudes. The iirst

careful observations of its variability were made by Sir John

Herschel while at the Cape of Good Hope. He says: "It

was on the IGth December, 1837, that, resuming thu photo-

metrical comparisons, my astonishment was excited by the ap-

pearance of a new candidate for distinction among tlie very

brightest stars of the first magnitude in a part of the heav-

ens with which, being perfectly familiar, I was certain that no

such brilliant object had before been seen. After a momen-

tary hesitation, tlie natural consequence of a phenomenon so

utterly unexpected, and referring to a map for its configura-

tion with other conspicuous stars in the neighborhood, I l)e-

came satisfied of its identity with my old acquaintance; ?j Ar-

gus. Its light, was, however, nearly tripled. Wliile yet low,

it equalled Rigel, and, when it attained some altitude, was

decidedly greater."'^ Sir John states that it continued to in-

crease until January 2d, 1838, when it was nearly matched

with a Centauri. It then faded a little till <-he close of his

observations in April following, but was still as bright as Al

debaran. But in 1842 and 1843 it blazed up brighter tliaii

ever, and in March of the latter year was second only to

Sirius. During the twenty-five years following, it slowly but

Astionomical Observations at tbe Cape of Good Hope," p. 33.
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maximum steadily d.mnushed
: in 1S67 it was barely visible to the naked

eve, and the year following it vanished entirely from the un-
assisted view, and has not yet begun to recover its brightuess.When we speak of this star as the most remarkable of the
well-known variables, we refer, not to the mere range of it«
variations, but to its brilliancy when at its maximum. Sev.
oral case3 of equally great variation are known ; but the stars
are not so bright, and therefore would not excite so much no-
tice Thus, the star R Andromedie varies from the sixth to
lie thirteenth magnitude in a pretty regular period of 405
days. When at its brightest, it is just visible to the naked
eye, while only a large telescope will show it when at its min-
imum. A number of others range through five or six orders
of magnitude, but o Ceti is the only one of these which ever
becomes as bright as the second magnitude.
The foregoing stars are the only ones the variations of

wJuch would strike the ordinary observer. Among the hun-
dred remaining ones which astronomers have noticed, 3 Lvn^
IS remarkable for having two maxima and two minimrof un-
equal brilliancy. If we take it when at its greatest minimum,
we nnd its magnitude to be ^. In the course of three days
It will rise to magnitude 3^. In the course of the week fol-
lowing, it will first fall to the fourth magnitude, and increase
again to magnitude ^. In three days more it will drop
again to its minimum of magnitude 4^; the period in which
It goes through all its changes being thirteen davs. This pe-
riod is constantly increasing. The changes of this star can
best be seen by comparing it with its neighboi, y Lyra^. Some-
t:tnes it will appear equally bright with the latter, and at other
tiiues a magnitude smaller.*

In 1875, Professor Scliiinfeld, now director of the observntoiy at Bonn pub-
;».ec .n complete catalogue of known variable stars, the total number being 143
Uie ollowuig are the more remarkable ones of his list. The positions are re-imed to the ecliptic and equinox of 187r>

:

TCa.siopeia3: right ascension, hours 10 minutes 29 seconds; declination 55=
'.ON -Tins IS a case in which a star, having once been observed, was after-
Micli found to be missing. Examination showed that it had so far diminished
i's to bo no longer visible without a larger telescope, and continued observationi=

^ H

': !U
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Kew Stars.—It was once supposed to be no nncommon occi:r-

rence for new stars to come into existence and old ones to dis-

appear, the former being looked upon as new creation.-^, and

the disappearances as due to the destruction or annihilation

of those stars which had fulfilled their end in the economy of

nature. The supposed disappearances of stars are, however,

found to have no certain foimdation in fact, probably owing

their ori<nn to errors in recording the position of stars actu-

ally existing. It was explained, in treating of Practical As-

tronomy, that the astronomer determines the portition of a

body in the celestial vault by observing the clock-time at which

it passes the meridian, and the position of the circle of his in-

showed it to range from the seventh to the eleventh magnitude with a regular

period of 4;56 days.

B Cassiopeiai : right ascension, hours 17 minutes 52 seconds ;
declination,

63° 27'. N.—This is supposed to be the celebrated star which blazed out in

November, 1.572, and was so fully described by Tycho Bralie. But the proof of

identity can hardly be considered conclusive, especially as no variation has, of re-

ceiit years, been noticed in tlie star.

Cell: right ascension, 2 hours l.S minutes I second; declination, 3' [VI'.

1

S.—Wu have already described the variations of this star.

/3 Persei, or Algol: right ascension, 3 hours minutes 2 seconds; dediiia

tion, 40^ 28'. 4 N.—The variations of this star, which is tiie most regular ono

known, have just been described.

R Auriga}: right ascension, ."> hours 7 minutes 12 seconds; declination, 53=

2C'.C N.—Tills star is one of very wide and comidex variation, changing from the

sixth to the thirteenth magnitude in a period of about H'>'t days.

RGeniinoruni: right ascension, G hours 51) minutes 41) seconds; declination.

22^ 53'.8 N.—This star was discovered by Mr. Hind, of England, and ranges be-

tween the seventh and the twelfth magnitude in a period of 371 days.

U Geminorum : right ascension, 7 hours 47 minutes 41 seconds ;
declination.

22' 11)'.7N.—An irregular variable, never visible to the naked eye, reniaikalile

for the rapidity with wbicli it sometimes changes. Sclionfeld says tliat ni l'i'l>-

ruary, 18(iD, it increased three entire magnitudes in 24 hours. The periods of it:*

greatest brightness have r.inged from 7.5 to G17 days.

7] Argus : right ascension, 10 hours 40 minntes 13 seconds ;
declination, "/.t

l\Q s._This remarkable object has already been described.

R Ilydrie: right ascension, 13 hours 22 minutes ,53 seconds; declination, 22'

38'. S. —The variability of tliis star w.-.s recognized by Maraldi, in 1704. It is

generally invisible to the naked eye, but rises to about the fiftii magnitude at

intervals of about 437 days. Its period seems to be diminishing, having been

about 500 days when first discovered.
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Btrnrncnt when his telescope is pointed at the object. If he
liappens to make a mistake in writing down any of these
mnnbers-if, for example, he gets his clock-time one minute
or hve minutes wrong, or puts down a wrong number of de-
grees for the position of his circle-he will write down the
position of the star where none really exists. Then, some sub-
sequent astronomer, looking in this place and seeing no star
n'ay think the star has disappeared, when, in reality, there was
never any star there. Where thousands of numbers have to be
wntten down, such mistakes will sometimes occur; and it is to
them that some cases of supposed disappearance of stars are to
be attributed. There have, however, been several cases of ap-
parently new stars coming suddenly into view, of which we
shall describe some of the most remarkable.

JrT^'Z:''^
ascension, 15 hours 54 minutes IG seconds; declination, 26^

:;; ^--^'"V** "'" "'"^^^ '^f'"'" ^^''''^h blazed out in the Northern Crown in
1800, as hereafter described. Of late years it has remained between the ninth
and tench magnitudes without exhibiting any remariiablc variations

iJn^^*""^'!!,;
•"^''' "''=«"'''°"' 1« ''«»''s » minutes .% seconds; declination, 22'

40.0 b.-li„s star was discovered by Auwers, in 1800, in the midst of a well-
known cluster. It gi-adually diminished during the following months, and finally
disappeared entn-ely among the stars by which it is suri'ounded

.,o~?7« '"';"/. ''?'" "«^°»«io". 17 hours 23 minutes 9 seconds; declination,

•u"V.
^--^'"s J^ supposed to be the celebrated "new star" seen and de-

scribed by Kepler in 1004, soon to be described.

X Cygni
:

rigiu ascension, 1!) hours 45 minutes 4G seconds ; declination, 32" 3G'
N.-lhis star becomes visible to the naked eye at intervals of about 40G days, and
en sinks to the twelfth or thirteentii magnitude, so that only large telescopes will

show It. Its greatest brightness ranges from the fourth to the sixth magnitude

11' . T "^.M
"^'" "''='^"''°"' 1» h«»'-s 4G minutes G seconds

; declination, 0°
«.- N.-lh.s star varies from magnitude 3* to 4*, and is therefore one of
J)se which can readily be observed with the naked eye. Its period is 7 days 4
iioiirs 14 minutes 4 seconds.

q8^7^M^"'Mn'>''"
''''^°"''°"' 20 hours 13 minutes 11 seconds; declination, 37»

rfh.7 N.-lhis was supposed to be a new star in IGOO, when it was first seen
by Janson. During the remainder of the century it varied from the third to the
sixth magnitude; but during two centuries which have since elapsed no further
variations have been noticed, the star being constantly of the fifth mngnitude

^/i Lephe.: right ascension, 21 hours 3i) minutes 41 seconds; declination, 58=

IV
^-7""° °^ ^''« '^'^^'''^ stars visible to the naked eye in the northern hemi.

pliere. Its magnitude is found to vary from the fourth to the fifth in a very in
vegular manner. '



444 THE STELLAR UNIVERSE.

In 1572 an apparently new star sliowed itself in Cassiopeia

It was Urst seen by Tycho Brahe on November 11th, wlien

it had attained the first magnitude. It increased rapidlv in

brilliancy, soon becoming equal to Yenns, so that good eves

conld discern it in full daylight. In December it began" t<i

grow smaller, and continued gradually to fade away until the

month of March, 1574, when it became invisible. This was

forty years before the invention of the telescope. Tycho ha?;

left us an extended treatise on this most remarkable star.

In 1604 a similar phenomenon was ceen in the constella-

tion Ophinchus. The star was first noticed in Octoltcr of that

year, when it had attained the first magnitude. In the follow-

ing winter it began to wane, but remained visible during the

whole year 1605. Early in 1606 it faded away entirely, hav-

ing been visible for more than a year. A very full history of

this star has been left to us by Kepler.

The most striking recent case of this kind M-as in May,

1866, when a star of the second magnitude suddenly appeared

in Corona Borealis. On the 11th and 12th of that montii it

was remarked independently by at least five observers in Eu-

rope and America, one of the first being Mr. Farquhar, of the

United States Patent-oflice. Whether it really blazed out as

suddenly as this would indicate has not been definitively set-

»]ed. If, as would seem most probable, it was several days

iittaining its greateijt brilliancy, then the only person known

to have seen it was Mr. Benjamin Hallowell, a well-known

teacher near "VVashingtonj whose testimony is of such a nature

that it is hard to doubt that the star was visible several day?

before it was generally Imown. On the other hand, Schmidt,

of Athens, asserts in the most positive maimer that the star

was not there on Mav 10th, because he was then scanninij

that part of the heavens, and would certainly have noticed it.

However the fact may have been in this particular ease, it is

noteworthy that none of the new stars we have described were

noticed imtil they had nearly or quite attained their greatest

brilliancy, a fact which gives color to the view that they have

all blazed up with great rapidity.
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In November, 1876, a new star of the third magnitude was
noticed by Sclimidt, of Atliens, in llie constollatiou Cyo-nu.
It soon began to fade away, and disappeared from tlio umSded
Vision in a few weeks. The position of the constelhition Cyc
nus becomes so nnfavorable for observation in November th?t
very few people got a siglit of this object.

Tlie view that these bodies may be new creations, designed
to rank permanently among tlieir fellow-stars, is completely
retnted by their transient character, if by nothing else Their
apparently ephemeral existence is in striking contrast to the
permanency of the stars in general, which endure from a-e to
age without any change whatever. They are now classified
by astronomers among the variable stars, their changes beinc
of a very irregular and fitful character. There is no serious
do..l,t that they were all in th beavens as very small stars
efoi-e they blazed forth in this extraordinary manner, and

rha they are in the same place yet. The position of the star
ot 1572 was carefully determined by Tyciio Bralie; and a
small telescopic star now exists within V of the place com-
puted from his observations, and is probably the same. The
star of 1860 was found to have been recorded as one of the
ninth magnitude in Argelander's great catalogue of the stars
ot the northern hemisphere, completed several years before
After blazing up in the way we have described, it gradually
aded away to its former insignificance, and has shown no
tnrther signs of breaking forth again. There is a wide diifei--
ence between these irregular tariaticr.s, or breaking-forth of
iiglit, on a single occasion in the course of centuries, and the
regular changes of Algol and /3 Lyn^. But the careful obser
'•ations of the industrious astronomers who have devoted them-
^^elves to this subject have resulted in the discovery of stars
ot nearly every degree of -'-gularity between these extremes.
^onie of them change g.aa a.ily from one magnitude to another
HI the course of years, . itJiout seeming to follow any law what-
o^er, while in others some tendency to regularity can bo faintly
u'aced Tke best connecting link between new and variable sta/s
's, perhaps, afforded by „ Argus, which we have just described
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It is probable that the variations of light of -which yvo havg

spoken are the result of operations going on in the star itself

which, it must be remembered, is a body of the same ordor of

magnitude and brilliancy with our sun, and that these (>])era-

tions are analogous to those which produce the solar spots. It

was shown in the chapter on the sun that the frequency of

solar spots shows a period of eleven years, during one portion

of which there are frequently no spots at all to be seen, Mlille

during another portion they are very numerous. Hence, if

an observer so far away in the stellar places as to see our sun

like a star, could, from time to time, make exact measures of

the amount of light it emitted, he would find it to be a vari-

able star, with a period of eleven years, the amount of liglit

being least when we see most spots, and greatest when there

are few spots. Ti\e variation would, indeed, be so slight that

we could not perceive it with any photometric means which

we possess, but it would exist nevertheless. Now, the general

analogies of the universe, as well as the testimony of tiie spec-

troscope, lead us to believe that the physical constitution of

the sun and the stars is of the same general nature. AVe tuay

therefore expect that, as we see spots on the sun wliich vary

in form, size, and number from day to day, so, if we could

take a sufficiently close view of the faces of the stars, Ave

should, at least in some of them, see similar spots. It is also

likely that, owing to the varying physical constitution of these

bodies, the number and extent of the spots might l)e found to

be very different in different stars. In the cases in whicii the

spots covered the larger portion of the surface, their variations

in number and extent would alone cause tlie star to vary in

light, from time to time. Finally, we have only to suppose

the same kind of regularity which we see in the eleven year

cycle of the solar spots, to have a variation in the brightness

of a star going through a regular cycle, as in the case of .\ Igol

and Mira Ceti.

The occasional outbursts of stare whicli we have described,

in which their light is rapidly increased a hundred-fold, would

eeem not to be accounted for on the spot theory, without cav
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rying tlm tl.eory to a„ extreme. It would, i„ fact, if notmod|l,ed, i,„ply that m,et^..„i„o parts of the surface out of ahundred we,^ ordiuarih- covered with s,>„ts, aud that ou rarecasious these s,x>ts ail disappeared. But the spectroscopic
observations of the star of 180« showed an analogy of a iSMerent character witl> operations going on in II sun. Mrugg.us found the speetrun, of this star to be a con.innou
e rossed bv br.ght lines, the position of which indicated

U at the.v proceeded partly or wholly from glowing hydro-renT e con „n,ous specrnn. was also crossed by dark absorption
.cs, ,nd,catn,g that the light bad passed through an atmos-

J.ere of co„,parativcly cool gas, Mr. Iluggins's infcrn.X
on of t ,s ,s tl,at there was a sndden and extraordin, , .

b.n»t of hydrogen gas from the star which, by its own'li.bt
js well as by beating up the whole surface of the star, ea.rsed

tlmt the led fianies seen a.'o.nid the sun during a total eclipse
.re caused by eruptions of hydrogen from hislnterior; mo e'
uvcr, these erupfons are gene.'ally connected with facula.. orpomons of the sun's disk several times more brilliant than he
|«t of the photosphere. Hence, it is not unlikely that tie
blaznig-forth of tWs star arose from an action sin,ilar ,0 tb^which produces the solar flames, only on an immensely larger

We have tbns in the spots, facute, ard p-r.tnberances of
ic sun a few suggestions as to what is probably goin» on in»se stai-s which exhibit .he extraordinary ch.aiges o'f 1 I

•inch we have described. Is thei-e any possibility that our
.mi may be subject to such outbursts of light and heat as
JK«e we have described in the cases of apparently new and
en.po.-ary stars ? We may almost say that the continued e.-
ence of the human race is involved in this ,,uestion

; for if
tl.f heat of the sun should, even for a few davs onlv be in-
creased a hundi-ed-fold, the higher orders of animal 'and veg-
able life would be destroyed. We can only repiv to it that

•ho general analogies of nature lead us to behVe that we "

'«d not feel any apprehension, of such a catastrophe. Not
do

I''



448 THE STELLAR UNIFERSE.

the slightest certain variation of the solar lieat has been de-

tected since the invention of the thermometer, and the gen-

eral constancy of the light emitted by ninety-nine stars out of

every hundred may inspire us with entire confidence that no

sudden and destructive variation need bo feared in the case

of our cuu.

§ 4. Double Stars.

Telescopic examination shows that many stars wliich seem

single to the naked eye are really double, or composed of a

pair of stars lying side by side. There are in the heavens

several pairs of stars the components of which are so close

together that, to the naked eye, they seem almost to toucli

eacli other. One of the easiest and most beautiful of tliese

is in Taurus, quite near Aldebaran. Plere the two stars 0'

Tauri and f^" Tauri are each of the fourth magnitude. An-

other such pair is a Capricorni, in which the two stars arc un-

equal. Here an ordinary eye has to look pretty carefully to

see the smaller star. Yet another pair is s Lyra;, the com-

ponents of which are so close that only a good eye can dis-

tinguish tliem. These pairs, however, are not considered as

double stars in astronomy, because, although to the naked eye

they seem so close, yet, when viewed in a telescope of liii,'li

power, they are so wide apart that they cannot be seen at the

same time. The telescopic double stars are formed of com-

ponents only a few seconds apart ; indeed, in many cases, only

a fraction of a second. The large majority of those which

are catalogued as doubles range from half a second to fifteen

seconds in distance. When they exceed the latter limit, they

are no longer objects of special interest, because they may

be really without any connection, and appear togetlier only

because they lie in nearly the same straight line from our

system.

Tlie most obvious question which suggests itself here is

whether in any case there is any real connection between tlu'

two stars of the pair, or whether they do not appear close to-

gether, simply because they ehance to lie on nearly the same
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3 raigl.t hne from the earth. Tl.at son.e stai-s do appear don.lojn tl;'B way there is no donht, and such pairs are called
opt.cally double." But notwithstanding the innnense num-

ber of visible stars, the chance of many pairs fallh... within
a few seconds of each other is quite small ; and the number
of close double stars is so great as to preclude all possibility
that they appear together only by chance. If any further
proof was wanted that the stars of these pairs a,-e really phys-
ically connected, and therefore close together in reality as well
as m appearance, it is found in the fact that many of them
constitute systems in which one revolves round the other or
to speak more exactly, in which each revolves round the cen-
re of gravity of the pair. Such pairs are called Mnanj sys-

terns, io distinguish them from those in which no such revolu-
lon has been observed. The revolution of these binary sys-
tems IS generally very slow, requiring many centuries for its
accomplishment; and the slower The motion, the longer it

J.H take to perceive and determine it. Generally it has'been
detected by astronomers of one generation comparing their
observations with those of their predecessors; for instance,
uhen the elder Struve compared his observations with those

uith the elder Struve, a great number of pairs were found to
be bmary. As every observer is constantly detecting new
ases of motion, the number of binary systems known to as-
tronomers IS constantly increasing.
A brief account of the manne" in which these obiects aremeasured may not be out of place. For the purpose in ques-

tion, the eye-piece of the telescope must be provided with a
filar micrometer," the important part of which consists of a

pan- of parallel spider-lines, one of which can be moved side-ways by a very fine screw, and can thus be made to pass back
and forth over the other. The exact distance apart of the
1" es can be determined from the position of the screw The
wJiole micrometer turns round on an axis parallel to the tel-
escope, the centre of which is in the centre of fhe field of
view. To get the direction uf one star from the other the ob-

l_i:.

•; i !
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Bovvor turns tho micrometer round until the spider-lines are

parallel to the line joining the tv, j stars, as shown in Fig. IKs,

and ho then reads tho position lirele. Knowing what the

position circle reads when he turns tho wires so that the star

shall run along them l>y its diurnal motion, tho difference of

tho two angles shows the angle which the line joining tho

two stars makes with the celestiiil parallel. To obtain tho

distance apa'-t of tho stars, the observer turns the micronietLr

90° from the position in Fig, 98, and then tui'ns the screw and

moves the telescope, until each star is bisected by one of tho

wires, as shown in Fig. 99. The position of the wires is then

interchanged, and the measure is repeated. The mode in

N

S

Fio. US. Fio. 99. Fio.lOO.

which the direction of one star from another is reckoned is

this: Imagine a lino, SN', in Fig. 100, drawn due north from

the brighter star, and another, SP, drawn through the smaller

star. Then the angle NSP which these two lines n'.ake with

each other, counted from north towards east, is the position

angle of the stars, the changes in which show the r. volution

of one star around tho other.

In a few of the binary systems the period is so short that

la complete revolution, or more, of the two stars round each

other has been observed. As a general rule, the pairs which

have the most rapid motion are very close, and ihoreforo of

comparatively recent disco\ ery, and difficult to observe. One

or two are suspected to have a period of less than thirty years,

but they are very hard to measure.

Binarij Systems of Short Period.—11\\Q following tabic shows
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[lo; tabic shows

tdc periods of revolution in the caw of those stars which Imve
!>een ol.sorved thron<;h ji cuniplete revolution, or of which the
periotld have been well detonnined:

\'l Comie 20 veins,

!. Ilerculis ;J5 "

^inive, ;il2l 40 "

i; (.^oioiiuj 40 "

Siiiiis 50 n

^' Caiicri r,8 "

S Ursro Mnjorig On yeai-g.

»j Coroiiii; Hoiealis (j;
'

«•

rt("eiitiinii 77 u

// <>|(hiiu;hi <J2 H
A Opiiiiiclii <)(j •'

£ Scoi-pii i)g u

Two or three others avo suspected to move very rapidlv, but
tliey are so very close and dillicidt that it is only on favora-
ble occasions that they can be seen to be double. One of
tlie^ most remarkable stars in this list is Sirius, the period of
which is calculated, not from the obsei-vations of tiie satel-
lite, but from the motion of Sirius itself, it has loni? been
known that the proper motion of this star is subject To cer-
tain periodic variations; and, on investigating^ these varia-
tions, it was found by I'eters and Auwers that they could be
wmpletely represented by supposing that a satellite was re-
volving around the planet in a certain orb:C. The elements
of this orbit were all determined except the distance of the
satellite, which did not admit of determination. Its direction
could, however, be computed from time to time almost as ac-
curately as if it were actually seen with the telescope. Jhit,
before the time of which we speak, no one had ever ..m it.'

Indeed, although many observers must have examined Sirius
from time to time with good telescopes, it is not likely that
they made a careful search in the predicted directioTi.

Such was the state of tlie question until February, 1802,
when Messrs. Alvau Clark 6c Sons, of Cambridgcpo'i't, were
completing their eighteen-inch glass for the Chicago Observa-
tory. Turning the glass one evening on Sirius, for the pur-
pose of trying it, the practised eye of the younger Clark soon
detected something unusual.. « Why, father," he exclaimed,
"*'ie star has a companion !" The father looked, and there
was a faint companion due east from the bright star, and dis-
tant about 10". This was exactly the predicted direction for

rr.
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that time, though the discoverers knew nothing of it. As the

news went round the world, all the great telescopes were

pointed on Sirius, and it was now found that when observers

knew where the companion was, many telescopes would show

it. It lay in the exact direction which theory had predicted

for that time, and it was now observed with the greatest inter-

est, in order to see whether it was moving in the direction of the

theoretical satellite. Four years' observation showed that tliifi

was really the case, so that hardly any doubt could remain that

this almost invisible object was really the body which, by its at-

traction and revolution around Sirius, had caused the inequal-

ity in its motion. At the same time, the correspondence has

not since proved exact, the observed companion having moved

about half a degree per annum more rapidly than the theo

retical one. This difference, though larger than was expected,

is probably due to the inevitable errors of the very delicate

and difficult observations from which the movements of the

theoretical companion were compjited.

The visibility of this very interesting and difficult object:

depends almost as much on the altitude of Sirius and the state

of the atmosphere as on the power of the telescope. When

the images of the stai-s are very bad, it cannot be seen even

in the great Washington telescope, while there are cases of its

being seen under extraordinarily favorable conditions with tel-

escopes of six inches aperture or less. These favorable condi-

tions are indicated to the naked eye by the absence of twinkling.

A case of the same kind, except that the disturbing satellite

has not been seen, is found in Procyon. Bessel long ago sus-

pected that the position of this star was changed by some at-

tracting body in its neighborhood, but he did not reach a defi-

nite conclusion on the subject. Auwers, having made a care-

ful investigation of all the observations since the time of Brad-

ley, found th.at the star moved around an invisible centre 1"

distant, which was probably the centre of gravity of tli'^ star

and an invisible satellite. This satellite has been carefully

searched for with great telescopes during the last few years,

but witliout success.
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Triple and Multiph xS'tors.— Besides double stars, groups
of three or more stars are frequently found. Such objects
are known as triple, quadruple, etc. They commonly occur
through one of the stars of a wide pair being itself a close
double star, and very often the duplicity of the component
lias not been discovered till long after it was known to form
one star of a pair. For instance, ft Herculis was recognized
as a double star by Sir W. Ilerschel, the companion star being
about 30" distant, and much smaller than fi itself. In 1856,
Mr. Alvau Clark, trying one of his glasses upon it, found that
the small companion was itself double, being composed of two
nearly equal stai-s, about V apart. This close pair proves to
be a binary system of short period, more than half a revolu-
tion of the two stars around each other having been made
since 1856. Another case of the same kind is y Andromeda,
which was found by Ilerschel to have a companion about 10''

distant, while Struve found this companion to be itself double.
Many double and multiple stars are interesting objects for

telescopic examination. We give in the Appendix a list of
the more interesting or remarkable of them.

§ 5. Clusters of Stars.

A very little observation with the telescope will show that
while the brighter stars are scattered nearly equally over the
whole celestial vault, this is not the case with the smaller ones.
A number of stars which it is not possible to estimate ai-e

found to be aggregated into clusters, in which the separate
stars are so small and so numerous that, with insufficient tele-
scopic power, they present the appearance of a mass of cloudy
light. We find clusters of every degree of aggregation. At
one extreme we may place the Pleiades, or "seven stars"
which form so well-known an object in our winter sky, in
which, however, only six of the stars are plainly visible to the
naked eye. There is an old myth that this group originally
consisted of seven stars, one of which disappeared from the
heavens, leaving but six. But a very good eye can even now
Bee eleven when the air is clear, and the telescope shows froui

1

}

!

V.
:vv 1

i
i:

:v

!.'>
'

I



454: THE STELLAR UNIVERSE.

fifty to a hundred inore, according to its ix>wcr. AVe present «

view of tills gi'oiip as it appears through a small telescopo.

No absolute dividing-line can be drawn between such wide-

ly extended groups as the Pleiades and the densest clusters.

Pig. 101.—Telescopic view of tli© Pleiades, after EuBelmnnn. The six larger stars aie tho«e

easily seen by ordinary eyes without a telescope, while the fonr next in swo, hnviii;;

four rays each, can he seen by very good eyes. About an inch from the upiier ngUt-

hand corner ia a pair of small stars which a very keen eye can see as a single star.

The cluster Pr^esepe, in the constellation Cancer (Map TIL,

right ascension, 8 houi-s 20 minutes; declination, 20° 10' N.),

isVainly visible to the naked eye on a clear, moonles.^ niiilit,

as a uebulous mass of light. Examined with a small tele-
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scope, it is foniid to consist of a aronp of stars, raiii^'inir from
the seventli or eighth nuigiiitude upwards. For exainhiation
with a small telescope, one of the most beautiful grou js is in
the constellation Perseus (Map I., right ascension, 2 hours 10
minutes

;
declination, 57° N.). It is seen to the best advantage

with a low magnifying power, between twenty-tive and iiftv
times, and may easily be recognized by the naked eye as a
little patch of light.

The heavens afford no objects of more interest to the con-
templative mind than some of these clusters. Many of tiiem
are so distant that the most powerful telescopes ever made
show them only as a patch of star-dust, or a mass of ligiit so
faint that the separate stars cannot be distinguished. Their
distance from us is such that they are beyond, not only all
our means of measurement, but all our powers of estimation.
Minute as they appear, there is nothir^c that we know of to
pi-event oui- supposing each of them to be the centre of a
group of planets as extensive as our own, and each planet to
be as full of inhabitants as this one. We may thus think of
them as little colonies .n the outskirts of creation itself, and
as we see all the suns which give them light condensed' into
one little speck, we might be led to think of the inhabitants
of the various systems as holding intercoui-se with each other.
Yet, were we transported to one of these distant clusters, and
stationed on a planet circling one of the suns which compose
it, instead of finding the neighboring suns in close proximity,
we should only see a firmament of stai-s around us, such as we
see from the earth. Probably it would be a brighter firma-
ment, in which so many stars would glow with more than the
splendor of Sirius, as to make the night far brighter than
ours; but the inhabitants of the neighboring worlds M-ould as
completely elude telescopic vision as the inhabitants of Mars
do here. Consequently, to the inhabitants of every planet in
the cluster, the question of the plurality of worlds might be
as insolvable as it is to ns.

To give the reader an idea what the more distant of these
star clustei-s looks like, we present two views from Sir John
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Herscliel's observations at the Capo of Good Hope. Fi"'. 102
shows the cluster miinbered 2322 in Ilei-schel's catalogue, and
known as 47 Toucani. That astronomer describes it as 'a

most glorious globular cluster, the stars of the fourteenth mag-
nitude imm3nsely numerous. It is compre^^ed to a blaze of

light at the centre, the diameter of the more compressed part

being 30" in right ascension." Fig. 103 is No. 3504 of Ucm--

Bchel :
" The noble globular cluster w Centauri, beyond all

comparison the richest and largest object of the kind in the

heavens. The stare are literally innumerable, and as their

Fio. 102—Cluster 47 Toncani. Right ascen-
sioD, hours IS minutes; declinntiou,

72° 46' 8.

Pio. 103.—Cluster a Centauri. Right ascen-

sion, 13 hours SO minutes ; decliuatlon,

46* S2' S.

total light when received by the naked eye affects it hardly

more than a star of the fifth or fourth to fifth magnitude, the

minuteness of each star may be imagined."

§ 6. Nehulce.

Nebulae appear to us as masses of soft diffused light, of

greater or less extent. Generally these masses aie very ir-

regular in outline, but a few of them are round and well-

defined. These are termed planetary nehulw. It may some-

times be impossible to distinguish between star clusters and

nebulffi, because when the power of the telescopy is so low

that the separate stars of a cluster cannot be distinguished,

they will present the appearance of a nebula. To the naked

eye the cluster Prsesepe, described in the last chap*^er, look?
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exactly like a nebula, though a very small telescope will re-
solve It nito stars. The early observers with telescopes de-
scribed many objects as nebulae which the moie powerful in-
struments of Ilerschel showed to be clusters of stars. Thus
arose the two classes of resolvable and irresolvable nebul*
the hrst comprising such as could be resolved into stai-s, and
the second such as could not. It is evident, from what we
iiave just said, that this distinction would depend partly on
Uie telescope, since a nebula which was irresolvable in one
telescope nnght be resolvable in another telescope of Greater
po^ver. This suggests the question whether all nebulae may
not really be clusters of stars, those which are irresolvable ap-
pearing so merely because their distance is so great that the
separate stars which compose them cannot be distinguished
with our most powerful telescopes. If this were so, there
would be no such thing as a real nebula, and evemhina
which appears as such should be classified as a star clustei^
The spectroscope, as we shall presently show, has settled this
question, by showing that many of these objects are immense
masses of glowing gas, and therefore cannot be stars.

Classification and Forms of Nebidoi.—The one object of this
class which, more than all others, has occupied the attention
of astronomers and excited the wonder of observers, is the
great nebula of Orion. It surrounds the middle of the three
stars which form the sword of Orion. Its position may be
found on Maps II. and III., in right ascension 5 hours 28
mniutes, declination 6° S. A good eye will perceive that
ti.s star instead of looking like a bright poifit, as the other
stars do, has an ill-defined, hazy appearance, due to the sur-
rounding nebulae. This object M'as first described by IIuv-
ghens in 1659, as follows:

" There is one phenomenon among the fixed stars worthy
ot mention which, so far as I know, has hitherto been noticed
)y no one, and indeed cannot be well observed except with
large telescopes. In the sword of Orion are three stars quite
c ose together. In 1656, as I chanced to be viewing the mid-
ale one of these with the telescope, instead of a shio-le star
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twelve sliowecl tlioinselves (a not uncommon circmnstance).

Three of these almost touched each other, and, with four oth-

ers, shone through a nebula, so that the space around them

seemed far brighter than the rest of the heavens, which was

entirely clear, and appeared quite black, the effect being that

of an opxjning in the sky, through which a brighter regiuu

was visible."*

Pia. 104.—The great nebula of Orion, n« drawn by Trouvelot with the tweuty-six-iuch

Washirgton teieacope.

Since that time it has been studied with large telescopes

by a great number of observers, including Messier, the two

* Sijstema Saturnium, p. 8. The last remark of Iliiyghens seems to hiive pro-

duced the impression that he or sorrie of the early observers considered the ncluihe

to be real openings in the firmament, through which they got glimpses of the

glory of the empyrean. But it may be doubted whether the old ideas of the firma-

ment and the empyrean were entertained by any astronomer after the invention

of the telescope, and there is notliing in the remark of Huyghens to indiciite that

he thought the opening really exist^sd. His words are rather obscure.
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ith the tweiity-six-iuch

Ilorschels, Rosse, Stmve, and the Bonds. The representation
which we give in Fig. 104 is from a drawing made by Mr
Trouvelot witli the great Washington telescope. In briUianey
and variety of detail it exceeds any other nebula visible in
the northern hemisphere. The central point of interest is oc-
cupied by four comparatively bright stars, easily distinguished
by a small telescope with a magnifving power of 40 or 50
combined with two small ones, requiring a nine-inch telescope
to be Avell seen. The whole of these form a sextuple group,
included in a space a few seconds square, which alone svould
be an interesting and remarkable object. Besides these, the
nebula is dotted with so many stars that they would almost
constitute a cluster by themselves.

In the winter of 1864-'65, the spectrum of this object was
examined independently by Secchl and Iluggins, who found
that It consisted of three bright lines, and hence concluded
that the nebula was composed, not of stars, but of glowincr
gas. The position of one of the lin^s >vas near that of a line
of nitrogen, while another seemed to coincide with a hydrogen
line. There is, therefore, a certain probability that this object
is a mixture of hydrogen and nitrogen gas, though this is a
point on which it is impossible to speak with certaintv.
Another brilliant nebula visible to the naked eye is the

great one of Andromeda (Maps II. and V., right ascension,
hours 35 minutes ; declination, 40° K). The observer can

see at a glance with the naked eye that this is not a star, but
a mass of diffused light. Indeed, nntrained observere have
sometimes very naturally mistaken it for a comet.-*^ It was
first described by Marins, in 1614, who compared its light to
that of a candle shining through horn. This gives a very
good idea of the singular impression it produces, which is that
of an object not self-luminous, but translucent, and illuminated
by a very brilliant light behind it. With a small telescope, it

* A ship-cnptnin who hnd crossed the Atlantic otice visited the Cnmbridgo Ob-
semitory, to tell Professor Bond that he had seen a small comet, which remained
in sight during his entire voyage. The object proved to be the nebul.i of An-
aromeda.

"I
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is easy to iinagiiio it to be a solid like horn ; but with a lai'^o

one, tiie effect is much more that of a crreat mass of matter

like io^ or mist, which scatters and reflects the light of ahrill-

iant body in its midst. That this impression tan bo correct.

it would be hazardous to assert ; but the result of a spectrua

Pio. 105.—The annolar nebula in Lyra. Drawn by Professor E. 8. '^olden.

analysis of the light of the nebula certainly seems to favor it

Unlike most of the nebulae, its spectrum is a continuous one

similar to the ordinary spectra from heated bodies, thus imli-

cating that the light emanates, not from a glowing gas, hut

from matter in the solid or liquid state. This would suggest
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but with a larrjo

mass of mattdr,

I light of a brill,

•an bo correct,

t of a spectruDC

)r E. 8. '^olden.

lems to favor it

continuous one.

odies, thus iiidi-

lowing gas, hut

s would suggest

l.e Idea that the object is really an immense star- cluster, so
distant that the most powerful telescopes cannot resolve it

1 hough wo cannot positively deny the possibility of this, vet
.n the most powerful telescopes the light fades away so softlv
and gradually that no such thing as a resolution into sta.-o
seems possible. Indeed, it looks less resolvable and more like
a gas m the largest telescopes tlmn in those of moderate size.
It It IS really a gas, and if the spectrum is coiitinuous through-
out the whole extent of the nebula, it would indicate either
Imt It shone by reflected light, or that the gas was subjected
to a great pressu.-e almost to its outer limit, which hardly seems
possible But, granting that the light is reflected, we'cannot
say whether it originates in a single bright star or in a num-
I'er ot small ones scattered about through the nebula
Another extraordinary object of this class is the annular, or

nng-nebula of Lyra, situated in that constellation, about half-way between the stai. /3 and y. I„ the older telescopes it
looked hkea perfect ring; but the larger ones of modern timesshow that the opening of the nng is really filled with nebu-
lous light; m fact, that we have here an object of very rec^ular
outline in which the outer portion is brighter than the lute-
nor. Its form is neithei circular nor exactly elliptic, but ecrc-
sliaped, one end being more pointed tiian the other. A mod-
erate-sized telescope will show it, but a large one is required
to see it to good advantage.

It would appear, from'a comparison of drawings made at
different dates, that some nebnlse are subject to great changes
of form. Especially does this hold true of the nobula sur-
.•ounding the remarkable variable star , Argus. In many
otlier nebute changes have been suspected ; but the softness
and indistinctness of outline which characterize most of these
objects, and the great difl^erence of their aspect when seen in
elescopes of very different powers, make it difficult to prove achange from mere differences of drawing. One of the strong-
^t cases in favor of change lias been made out by Professor

I^prtl Trf
''"^•' 1 ^''"^'^'"«^ ^"^ descriptions of what is

called the "Omega nebula," from a resemblance of one of

' i:i
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Fia. 108.—The Omegn nebula; Herschel 2008. Right ngceneloii, IS hours 13 mlnules

declination, 16* 14' S. After Iluldeii and Trouvelot.

its bi'anclies to tlie Greek letter Q. "VVe pi-esent a figure ol

this object as i.: now appeai-s, fiom a drawing by Professor

Holdeii and Mr. Trouvelot, witli the gi'eat Washington tele-

scope. It is the branch on the left-hand end of the nebula

which was formerly supposed to have the foi-m of Q.

As illustrative of the fantastic forms which nebula} some-

times assume, we present Ilerschel's views of two more neb-

ulse. That shown in Fig. 108 he calls the " looped nebula,"

and describes as one of the most extvaoi-dinai'y objects in the

heavens. It cannot be seen to advantage except in the south-

ern hemisphere.

Distribution of the Nehulx.— A remarkable featui'e of the

distribution of the nebults is that they ai-e most numerous

where the stars are least so. Whije the stai's gi'ow thicker as

we approach the region of the Milky Way, the nebulte dimin-

ish in number. Sir John Ileischel remarks that one-third uf
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F.o.10T.-Neb„,a Ilcrsche, 8m.
«J«^t

a-„.,o„ „ ho„™ ^ ..„„taB; decUuaUon '«4.
^1 8. After Sir John Ilorschel.

the nebulous contents of tl.e heavens are congregated in a
bjx.ad irregular patch occupying about one-eighth the sur-

Xn V-
'^'" sphere, extending from Ursa Major in theno, th to V„.go ,n the south. If, however, we consider, not thetrue nebu a., but star clusters, we Hnd the same tendei'cy tocondensation jn the Milky Way that we do in the stars. We

tluis have a clearly marked dis-

tinction between nebulaj and
stars as regards the law of their

distribution. The law in ques-
tion can be most easily under-
stood by the non-mathematical
reader by supposing the stari-y

sphere in such a position that
tlie Milky Way coincides with —i^m^^m
tiie horizon. Then the stars and ^'V^'~^^t '""^^^ "*'"""' "^''"='«'»

f:tni-r.l„ofr„K, ,..-ll 1 C . ,

2941. Right nsceiwlon, 6 hours 40 miu-
srai ciustere will be fewest at the "'«»: deciLnntion, eo" e- s.

zenith, and will increase in number as we approach the horizon.
Also, m the mvisible hemisphere the same law will hold the
stai-s and clusters being fewest under our feet, and will increase
as w;e approach the horizon. But the true nebute will then^ 31

ji
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be fewest in tlio horizon, and will m^.iease in number as we aj>

proac-li the zenith, or as, going below the horizon, we approach

the nadir. The positions of the nebulfB and clusters in Sir John

Ilerachcl's great catalogue have been studied by Mr. Cleve-

land Abbe with especial reference to their distance from the

galactis circle, and the folic \'ing numbers show part of his le-

Bults. Imagine a belt thirty degrees wide extending around

the heavens, including the Milky Way, and reaching fifteen

dei^rees on each side of the central circle of the Milky AVay.

Thio belt will include nearly one-fourth the surface of the ce-

lestial sphere, and if the stars or nebulse were equally distrib-

uted, nearly one-fcurth of them would be found in the belt.

Instead, however, of one-fourth, we find nine-tenths of the star

clusters, but only one-tenth of the nebulae.

The disco>'ery that the nebulae are probably masses of glow-

ing gas is of capital importance as tending to substantiate the

view of .Sir William Ilerschel, that these masses are the crude

material out of whicli suns and systems are forming. This

view wns necessarily an almost purely speculative one on the

part of that distinguished astronomer ; but unless we suppose

that the nebula> are objects of almost miraculous power, there

must be some truth in it. A nebulous body. In order to shine

by its own light, as it does, must be hot, and must be losing

heat through the very radiation by which we see it. As it

cools, it must contract, and this contraction cannot cease un-

til it becomes either a solid body or a system of such bodies

revolving round each onier. We shall explain this more fully

in treating of cosmical physics and the nebular hypothesis.

§ 7. Proper Motions of the Stars.

To the unassisted eye, tho stars seem to preserve the c-an.e

relative positions in the celestial sphere generation after gen-

eration. If Job, Ilipparchus, or Ptolemy should again look

upon the heavens, he would, to alV appearance, see Aldcbaran,

Orion, and the Pleiades exactly as he saw them, tliousands of

years ago, without a single star being moved from its place.

But the refined methods of modern astroiiomy, 'in which the
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telescope is brought in to measure spaces absolutely invisible
to tlio eye, have shown that this seeming inichangeability is
not real and that the stars are actually in motion, only the
rate of change is so slow that the eye would not, in most cases,
notice It for thousands of years. In ten thousand years quite
a number of stars, especially the brighter ones, would be seen
to have moved, while it would take a hundred thousand years
to inti-oduce a very noticeable change in the aspect of the con-
stellations.

As a general rule, the brighter stars have the greatest
proper motions. But this is a rule to which there are many
exceptions. The star which, so far as known, has the greatest
proper motion of ail-namely, Groombridge 1830-is of the
seventh magnitude only. Next in the order of proper motion
come Dr. Gould's star, Lacaille 9352, of the seventh magnitude
and the pair of stars 61 Cygni, of the sixth magnitude. Next
are four or five others, of the fourth and fifth magnitudes,
ilie annual motions of these stars are as follows:

Groombiiuge 1 330 7".

Lacaille 9352 (Gould) .... 6".2

Gl Cygni....-...., r>".2

I.alandc 21185 4".7

€ Indi 4" 5
Lalande 212rjS 4".4

o' Eridnni \'\ \

H Cassiopeia! 3".8

The first of these stars, though it Las the greatest " proper
motion of all, would require 185,000 years to perform the
on-cuit of the heavens, while fi Cassiopeice would require near-
' • xOjOOO years to perform the same circuit. Slow as these

tions are, they are very large compared with those of most
of the stp-s of corresponding magnitude. As a general rule
the stars of the fourtli, fifth, and sixth magnitudes move only
a few seconds in a hundred years, and would therefore re-
qiure many millions of years to perform the circuit of the
heavens.

So far as they have yet been observed, and, indeed, so far
as they can be observed for many centuries to come, these
motions take place in perfectly straight lines. If each star is
moving in some orbit, the orbit is so immense that no curva-
ture can be perceived in the short arc whidi has been de^

I
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scribed since accurate determinations of the positions of the

stars began to be made. So far as mere observation can iu-

foi'm us, there is no reason to suppose that the stars are sever-

ally moving in definite orbits of any kind. It is true that

Miidler attempted to show, from an examination of the proper

motions of the stars, that the whole stellar universe was revolv-

ing around the star Alcyone, of the Pleiades, as a centre—

a

theory the grandeur of which led to its wide diffusion in popu-

lar writings. But not the slightest weight has ever been given

it by astronomei's, who have always seen it to be an entirelv

baseless speculation. If the stars were moving in any regular

circular orbits whatever having a common centre, we could

trace some regularity among their proper motions. But no

such regularity can be seen. The stars in all parts of tlio

heavens move in all directions, with all sorts of velocities. It

is true that, by averaging the proper motions, as it were, we
can trace a certain law in them ; but this law indicates, not a

particular kind of orbit, but only an apparent proper motion,

common to all the stars, which is probably due to a real mo-

tion of our sun and solar system.

The Solar Motion.—As our sun is merely one of the stars,

and rather a small star too, it may have a proper motion as

well as the other stars. Moreover, when we speak of the

proper motion of a star, we mean, not its absolute motion, but

only its motion relative to our system. As the sun moves, he

carries the earth and all the planets along with him ; and if

we observe a star at perfect rest while we ourselves are thus

moving, the star will appear to move in the opposite direc-

tion, as we have already -shown in explaining the Copernicaii

6yst''"'n. Hence, from an observation of the motion of a sin-

gle star, it is impossible to decide how much of this apparent

motion is due to the motion of our system, and how niucli to

the real motion of the star. If, however, we should observe f^

great number of stars on all sides of us, and find them all ap-

parently moving in the same direction, it would be natural td

conclude that it was really our system which was moving, and

not the stars. Now, wlien Herschel averaged the proper niO'
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tions of the stai-s in different regions of the heavens, he found
that this was actually the case. In general, the stars moved
trora the direction of the constellation Hercules, and towards
the opposite point of the celestial sphere, near the constella-
tion Argus, This would show that, relatively to the general
mass of the stars, our sun was moving in the direction of the
constellation Hercules. Herschel's data for this conclusion
were, necessarily, rather slender. The subject was afterwards
very carefully investigated by Argelander, and then by a num-
ber of other astronomers, whose results for the point of the
heavens towards which the sun is moving are as follows-

RiKlit Ascension. DecUnition.

Argelander 257° 49'

261° 92'

252° 24'

2'60° I'

261 ° 38'

262° 29'

28° 50' N.
37° 36' N.
14° 26' N.
34° 23' N.
39° 54' N.
28° 58' N.

0. Struve
Lundahl
Gallowav
Madler '

Airy p.nd Dunkin ..."..'

It will be seen that while there is a pretty wide range amono-
the authorities as to the exact point, and, therefore, some un*'-
cortainty as to where we should locate it, yet, if we lay the
different points down on a star-map, we shall find that they
all fall m the constellation Hercules, which was originally as-
signed by Herschel as that towards which we were moving.
As to the amount of the motion, Struve found that if*the

sun were viewed from the distance of an average star of the
iirst magnitude placed in a direction from us at right angles
to that of the solar motion, it would appear to move atlhe
rate of 38".9 per century. Dunkin found the same motion to
be 33".5 or 41''.0, according to the use he made of stars hav-
ing large proper motions.

Afotion of Groups of Stars.—There are in the heavens sev-
eral cases of widely extended groups of stare, having a com-
mon proper motion entirely different from that of the stars
around and among them. Such groups must form connected
systems, m the motion of which all the stars are carried along
together witliout any great change in their positions relative
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to each other. The most remarkable case of this kind oc-

curs in the constellation Taurus. A large majority of the

brighter stars in the region between Aldebaran and the Plei-

ades have a common proper motion of about ten seconds per

century towards the east. How many stare are included in

this group no one knows, as the motions of the brighter ones

only have been accurately investigated. Mr. R. A. Proctor

has shown that five out of the seven stars which form tlie

Dipper, or Great Bear, are similarly connected. He proposes

for this community of proper motions in certain regions the

name of Star-drift. Besides those we have mentioned, there

are cases of close groups of stars, like the Pleiades, and of

pail's of widely separated stars, in which star- drift has been

noticed.

Motion in the Line of SigJit.—Until quite recently, the f)nly

way in which the proper motion of a star could be detected

was by observing its change of direction, or the change of the

point in which it is seen on the celestial sphere. It is, how-

ever, impossible in this way to decide whether the star is or is

not changing its distance from our system. If it be moving

directly towards us, or directly away from us, we could not

see any motion at all. The complete motion of the stars can-

not, therefore, be determined by mere telescopic observations.

But there is an ingenious method, founded on the unduhitory

theory of light, by M'hich this motion may be detected with

more or less probability by means of the spectroscope, and

which was first successfully applied by Mr. Huggins, of Eng-

land. According to the usnal theory of light, the luminosity

of a heated body is a result of the vibrations communicated

by it to the ethereal medium which fills all space ; and if the

body be gaseous, it is supposed that a molecule of the gas vi-

brates at a certain definite rate, and thus communicates only

certain definite vibrations to the ether. The rate of vibration

is determined by the position of the bright line in tiie spec-

trum of the gas. Now, if the vibrating body be moving

through the ether, the light-waves which it throws behind it

will be longer, and those which It throws in front of it will be
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ehortcr tlian if the body were at rest. The result will l)e tliatm tlie toriner case the spectral lines will be less refran-ible
or nearer the red end of the spectrnm, and in the lattei^ase
nearer the bine end. If the line is not a bright one whicli the
gas emits, but the corresponding dark oneNvhich it has ab-
sorbed from the light of a star passing through it, the result
will be the same. If such a known line is found sli«rhtly
nearer the blue end of the spectrum than it should be^it is
concluded that the star from which it emanates is approach-
ing us, while in the contrary case it is receding from us
The question may be asked. How can we identify a line aP

proceeding from a gas, unless it is exactly in the position of
the line due to that gas ? How do we know but that it may
be due to some other gas which emits light of slightly differ-
ent refi-angibility ? The reply to this must be, that absolute
certainty on this point is not attainable ; but that, from the
exarnmation of a number of stars, the probabilities seem large-
ly in favor of the opinion that the displaced lines are really
due to the gases near whose lines they fall. If the lines were
always displaced in one direction, whatever star was exam-
ined, the conclusion in question could not be drawn, because
it might be that this line was due to some other unknown sub-
stance. But as a matter of fact, when different stars are ex-
amined, it is found that the lines in question are sometimes
on one side of their normal position and sometimes on the
other. This makes it probable that they really all belono- to
one substance, but are displaced by some cause, and the motion
of the star is a cause the existence of which is certain, and the
sufficiency of which is probable.

Mr. Iluggius's system of measurement has been introduced
by Professor Airy into the Royal Observatory, Greenwich,
where very careful measures have been made dniin<r the past
ten years by Mr: Christie and Mr. Maunder. To show how
well the fact of the motion i? made out, we give in the tables
on the following page the le, alts obtained by Mr. Ilnggins
and by the Greenwich observers for those stars in which the
motion is the larffest

:

'il
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STAnS RECEDING FROM US.

liy Mr. Hukk'ds. ny Greenwich.

^il'llis , 20 miles per sec.

22 " "
15 "
25 "
15 " "

25 miles per sec.

7G " "
receding.

25 miles per sec.

30 " "

n i /ioTli.M

A (jrii)iiis

a Cieininoriim
1 ii TjPotiis

STARS APPROACHING DS.

ny Mr. Iluitgina. By Greenwich.

Avrtiiriis 55 miles per sec.

50 "
39 "
49 " "
46 "

41 miles per sec.

30 '•

41 "
ni)proacliing.

npproacliing.

a Cygni
^ Creminoruin
n llrsfp IVTnioris

There are several collateral circumstances which tend tc

confirm these I'esnlts. One is that the general amount of mo-

tion indicated is, in a rough way, about what we should exj)ect

the stars to have, from their observed proper motions, com-

bined with their probable parallaxes. Another is that those

Btars in the neighborhood of Hercules are mostly found to be

approaching the earth, and those which lie in the opposite di-

rection to be receding from it, which is exactly the effect which

would result from the solar motion just described. Again, the

five stars in the Dipper which we have described as having a

common proper motion are also found to have a common mo-

tion in the line of sight. The results of this wonderful and

refined method of determining stellar motion, therefore, seem

worthy of being received with some confidence so far as tlie

general direction of the motion is concerned. But the dis-

placement of the spectral lines is so slight, and its measure-

ment a matter of such diflSculty and delicacy, that we are far

from being sure of the exact numbers of miles per second

given by the observers. The discordances between the results

of Greenwich and those of Mr. Huggins show that numerical

certainty is not yet attained.

A necessary result oti these motions will be that those stars

which are receding from ns will, in the course of ages, appear

less brilliant, owing to their greater distance, while those which
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are approaching iis will, as they co.no nearer, appear brighter
always suppos.ng that their intrinsic brightness does not vary
L..t so mnnense .s the distance of the stars, that many thon-'sands of years will be required to produce any apprec ab echange nj their brightness from this cause. FJinZeetrom the best detern.inations which have been made Id .'

an e of fenuns from our system is more than a nnllion rad iaf the earth s orb.t. With a velocity of twenty miles perZend n would require more than one hundred and fifty ho. -
sand years to pass over this distance.

It will of course, be understood that the velocities found by
tl e pectroscopic method are not the total velocities withwhich the stars are moving, but only the rate at which I yare approadung to or receding from the earth, or, to speak
.nathematically, the component of the velocity in heSt.on of the hne of sight. To find the total vefocity, this on -
ponen must be combined with the telescopic velo ity foundrom the observed proper motion of the st^, which is'the"
locity at_ right angles to the line of sight. None of the starsare moving exactly towards our system, and it is not likely
that any will ever pass very near it. In the preceding list,
he star „ Cygm is the one which is coming most directly
towai^s us. Its telescopic proj^er motion is so slight thatthough we suppose its distance to be two million radii of the
oar h s orbit, yet its velocity at right angles to the line of si^ht
will hardly amount to one:third of a mile per second If the
spectroscopic determination is correct, then, after an interval
which will probably fall between one hundred thousand and
hree hundred thousand years, a Cygni will pass by our sys-^m at something like a hundredth of its present distance,
and will, for several thousand years, be many times nearer and
brighter than any star is now.
The most recent results of tlie Greenwich measures (1886-

87) show that there is some doubt whether Sirius is approach-mg or receding. The dark line in the spectrum of Ss ar
IS exceptionally difficult of measurement

.4
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CHAPTER II.

THE STRUCTURE OF THE UNIVERSE.

Having in the preceding chapter described those features

of the universe whicli the telescope exhibits to us, we have

now, in pui-suance of our plan, to inquire what light telescopic

discoveries can throw upon the structure of the universe as a

whole. Hei'C we necessarily tread upon ground less sure than

that which has hitherto supported us, because we are on the

ver}' boundaries of human knowledge. Many of our conclu-

sions must be more or less hypothetical, and liable to be modi-

fied or disproved by subsequent discoveries. We shall en-

deavor to avoid all mere guesses, and to state no conclusion

which has not some apparent foundation in observation or

analogy. The human mind cannot be kept from speculating

upon and wondering about the order of creation in its widest

extent, and science will be doing it a service in throwing ev-

ery possible light on its path, and preventing it from reaching

any conclusion inconsistent with observed facts.

The first question which we reach in regular order is, How
are the forty or fifty millions of stars visible in the most pow-

erful telescopes arranged in space ? "We know, from direct

observation, how they are arranged with respect to direction

from our system ; and we have seen that the vast majority of

small stai-s visible in great telescopes are found in a belt span-

ning the heavens, and known as the Milky Way. But this

gives us no complete information respecting their absolute po-

sition : to determine this, we must know the distance as well

as the direction of each star. But beyond the score or so of

stars which have a measurable parallax, there is no known

way of measuring the stellar distances ; so that all we can do
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is to make more or less probable conjectures, fonnded on the
apparent magnitude of the individual stars and the probable
laws of their arrangement. If the sta.-s were all of the same
intrinsic brightness, we could make a very good estimate of
tieir distance from their apparent magnitude; but we know
that such is not the case. Still, in all reasonable probability,
the diversity of absolute magnitude is far less than that of the
apparent magnitude; so that a judgment founded on the lat-
ter 18 much better than none at all. It was on such consider-
ations as these that the conjectures of the first observers with
the telescope were founded.

§ 1. Views of Astronomers before Ilerschel

Before the invention of the telescope, any well-founded
opinion respecting the structure of the starry system was out
of the question. We have seen how strong a hold the idea of
a spherical universe had on the minds of men, so that even
Copernicus was fully possessed with it, and probably believed
tlie sun to be, m some way, the centre of this sphere. Before
any step could be taken towards forming a true conception of
tiie universe, this idea had to be banished from the mind, and
the sun had to be recognized as simply one of innumerable
stars which made up the universe. The possibility that such
might have been the case seems to have first suggested itself
to Kepler, though he was deterred from completed acceptin'^
the idea by an incorrect estimate of the relative brilliancy of
the stars. He reasoned that if the sun were one of a vast
number of fixed stars of equal brilliancy scattered uniformly
tliroughout space, there could not be more than twelve which
were at the shortest distance from us. We should then have
another set at double the distance, another at triple the dis-
tance, and so on

; and since the more distant they are, the
ainter they would appear, we should speedily reach a limit
beyond which no stars could be seen. In fact, however we
often see numerous stars of the same magnitude crowded
closely together, as in the belt of Orion, while the total num-
ber of visible stars is reckoned by thousands. He thereforo

:i

m
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condndcs that the distances of the individual Btiu'8 from each

other are much less than their distances from our sun, the lat-

ter being situated near the centre of ft comparatively vacant

region.

Ilad Kepler known that it would require the light of a hun-

dred stars of the sixth magnitude to make that of one of the

first magnitude, he woidd not have reached this conclusion.

A simple calculation would have shown liim that, with twolvo

stars at distance unity, there would have been four times that

number at the double distance, nine times at the treble dis-

tance, and so on, until, within the tenth sphere, there would

have been more than four thousand stars. The twelve hun-

dred stars on the surface of the tenth sphere would have

been, by calculation, of the sixth magnitude, a number near

enough to that given by actual count to show him that the

hypothesis of a uniform distribution was quite accordant with

observations. It is true that, where many bright stars were

found crowded together, as in Orion, their distance from each

other is probably less than that from our sun. But this ag-

glomeration, being quite exceptional, would not indicate a gen-

eral crowding together of all the stars, as Kepler seemed to

suppose. In justice to Kepler it must be said that he put

forth this view, not as a well-founded theory, but only as a

surmise, conceming a question in which certainty was not

attainable.

Ideas of Kant.—Those who know of Kant only as a specula-

tive philosopher may be surprised to learn that, although he

was not a working astronomer, he was the author of a theory

of the stellar system which, with some modifications, has been

very generally held until the present time. Seeing the Gal-

axy encircle the heavens, and knowing it to be produced l)y

the light of innumerable stars too distant to be individuallv

visible, he concluded that the stellar system extended much

farther in the direction of the Galaxy than it did elsewhere.

In other words, he conceived the stars to be arranged in u

compai-atively tliin, flat layer, or stratum, our sun being some-

where near the centre. When we look edgewise aloug this
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stratum wo seo an immenso number of stars, but in the per-
pondicular direction comparatively few are visible.*
This thin stratum suggested to Kant the idea of a certain

resemblance to the solar system. Owing to the small inclina-
tions of the planetary orbits, the bodies which compose this
system arc spread out in a thin layer, as it were ; and we have
only to add a great multitude of i)lanets moving around the
sun in orbits of varied inclinations to have a representation in
miniature of the stellar system as Kant imagined it to exist.
Had the zone of small planets between Mars and Jui)iter then
been known, it would have afforded a striking confirmation of
Kant 8 view by showing a yet greater resemblance of the plan-
etary system to his supposed stellar system. Were the num-
ber of these small planets sufficiently increased, wo should see
them as a sort of Galaxy around the zodiac, a second Milky
Way, belonging to our system, and resolvable with the tele-
scope into small planets, jnst as the Galaxy is resolved into
sina

1 stars. The conclusion that two svstomR which were so
similar in appearance were really alike in structure would
iiave seemed very well founded in analogy.
As the planets are kept at their proper distances, and pre-

vented from falling into each other or into the sun by the
centrifugal force generated by their revolutions in their or-
bits, so Kant supposed the stars to be kept apart by a revolu-
ion around some common centre. The proper motions of
the stars were then almost unknown, and the objection was
anticipated that the stars were found to occupy the same po-
sition in the heavens from generation to generation, and there-
tore could not be in motion around a centre. To this Kant's
reply was that the time of revolution was so long, and themo ion so slow, that it was not perceptible with the imper-
ect means of observation then available. Future genera-
tions would, he doubted not, by comparing their observation.

Enind Tu! I
'''°'"^ '' """^"'"'^ ^y ^^""^ '° Wright, of Durham,Mgiand a ^^nter whose works are entirely unknown in this country, and whosiftuthorsh.p of the theory has beeu very generally forgotten.

^ ^

;1/
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with tlioso of tlicir prcdeccssorB, find tliat there actually was a

motion ninong the stara.

This conjeoturo of Kant, that the stars woukl bo found to

have a |)roi)er motion, has, as vvo have seen, heen amply con-

finned ; but the motion is not of the kind which his tiieory

would require. On this theory, all the stars ought to move in

directions nearly parallel to that of the Milky Way, just as in

the planetary system we find them all moving in directions

nearly parallel to the ecliptic. But the proper motions actually

observed have no common direction, and follow no law what-

ever, except that, on the average, there is a preponderance < 1

motions from the constellation Ilercules, which is attributed

to an actual motion of our sun in that direction. Making al-

lowance for this preponderance, we find the stars to be appar-

ently moving at random in every direction ; and thoreforo

they cannot be moving in any regularly arranged orbits, a^

Kant supposed. A defender of Kant's system might indeed

maintain that, as it is only i:i a few of tlie stars nearest iis

that any proper motion has been detected, the great cloud of

stars which make up the Milky Way might really be niovi.ig

along in regular order, a view the possibility of which we sliiiU

be better prepared to consider hereafter.

The Kantian theory supposes the system which we have

just been describing to be formed of the immense stratum of

stars which make np the Galaxy and stud our heavens, and

to include all the stars separately visible with our telescopes.

But he did not suppose this system, immense though it is, to

constitute the whole material universe. In the nebuliT3 he

saw other similar systems at distances so iimacU'e that the

combined light of their millions of sunf 'i-il .' api cared as a

faint cloud in the most powerful telescopes. This idea that

the nebulae were other galaxies was more or less in vogue

among popular waiters until a quite recent period, when it

was refuted by the spectroscope, which shows that these ob-

j'^i'Xb are for the most part masses of glowing gas. It has,

h;.- e.ti', not received support among astronomers since the

time of Sir William Ilerschel.
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System nf Lamh^rt.—K few years after the npiKJaraiu^c of
Kant 8 work, a similar ])ut moro olahorate spteni was slcetehed
out by Lambert. IIo sui.i.osed the univorso to bo armiiL'ed in
systoins of different ordei-s. The smallest systems which vvo
know are those made up of a planet, with its satellites cireu-
lating around it as a eentre. The next system in order of
niM-nitude is a solar system, in which a number of smaller
Rp'c'us are each carried round the sun. Each individual star
which we see is a sun, and has its retinue of planets revolving
around it, so that there are as many solar systems as stars.
Ihese systems are not, however, scattered at random, but are
divided up into greater systems which appear in our telescoixss
as clusters of stars. An immense number of these clusters
make up our Galaxy, and form the visible universe as seen in
oiir telescopes. There may be yet greater syst.mis, each made
lip of galaxies, and so on indefinitely, only their distance is so
immense as to ehide our observation.

Each of the smaller systems visible to us has its central body
the mass of wliich is much greater than that of those which
revolve around it. This feature Lambert supposed to extend
to other systems. As the planets are larger than their satel-
lues, and the sun larger than its planets, so he supposed each
stellar cluster to have a great central body around which each
solar system revolved. As these central bodies are invisiijle to
us, he supposed them to be opaque and dark. All the systems,
from the smallest to the greatest, were supposed to be bound
together by the one universal law of gravitation.
As not the slightest evidence favoring the existence of these

opaque centres has ever been found, we are bound to say that
this sublime idea of Lambert's has no scientific foundation.
Astronomers have handed it oxer without reservation to the
lecturers and essayists.

§ 2. Researches of Herschel and his Successors.

Ilerschel was the first who investigated the structure of
the stellar system by a long-continued scries of observations,
executed with a definite end in view. His nlan m-o. that o^-

'
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" star - gauging," which meant, in the first place, the simple

ennn^jcration of all the stars visible 'v'.-ith a powerful tolo-

seopo in a given portion of the heavens, lie employed a

telescope of twenty inches aperture, magnifying one hundred

and sixty times, the field of view being a quarter of a degree

in diameter. This diameter was about half that of the full

moon, so that each count or gauge included all the stars vi si-

ble in a space haviug one-fourth the apparent surface of the

lunar disk. From tlie number of stars in any one iield of

view, he concluded to what relative distance his sight ex-

tended, supposing a uniform distribution of the stars througli-

out all the space included in the cone of sight of the telescope.

When an observer looks into a telescope pointed at the hcuv-

ens, his field of vision includes a space which constantly

widens out on all sides as the distance becomes greater; and

the reader acquainted with geometry will see that this space

forms a cone having its point in the focus of the telescope, and

its circular base at the extreme distance to which the teiescuiio

reaches. The solid contents of this cone will be proportional

to the cube of the distance to which it extends ; for instance,

if the telescope penetrates twice as far, the cone of sight wili

be not only twice as long, but the base will be twice as wide

in each direction, so that the cone will have altogether oi^lit

times the contents, and will, on Ilersohel's hypothesis, contiiin

eight times as many stars. So, when Ilerschel found the stars

eio-ht times as numorous in one region as in another, he con-

cluded that the st-Uar system extended twice as far in the

direction of the first region.

To count all the stars visible with his telescope, ncrschel

found to be out of the question. lie would have had to point

his instrument several hundred thousand times, and count all

the visible stars at each pointing. He therefore extended his

survey, only over a wide belt extending more than half-way

round the celestial sphere, and cutting the Galaxy at right

angles. In this belt he counted the stars in 3400 telescopic

fields. Comparing the average number of stars in dift'cicnt

reo-ions widi the position of the region relative to the Galuxyj
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lie found that tlie stars were thiiuiest at the point most distant
from tlie Galaxy, and that they constantly increased in nuin-
I)er us the Galaxy was approached. The following tal)le will
give an idea of the i-ate of increase. It shows the average
number of stars in the field of view of the telescope for each
of six zones of distance from the Galaxy

I'^i'sf "0"« 90"' to 75° from Gnlaxy....
tSecond zone 7;V " ()()'=' " "
Third zone (JO' " 4r>° " "

Fourth zone 4,">' " ;50' " •'

Fifth zone SO^ " m^ " n
Sixth zone 15° «• 0^ " «'

4 stars per field.

r. " "

8 " "

14 " "

24 " "

53 " "

A similar enumeration was made l)y Sir John Ilorschcl fortho
corresponding region on the other, or southern, side of the Gal-
axy. He used the same telescope, and the same magnifyinc^
power. Ilib i-esults were

:

" °

First zone C> stars per ficK:

Second zone 7 " "
Third zone i) " ««

Fourth zone ]3 stars per field.

Fifth zone 2(J '* "
Sixth zone ,VJ " "

The reader will, pei-liaps, more i-eadily grasp the sicniiiiea-
tion of these numbers by the mode of representation which
was suggested in describing the distribution of the nebulaj.
Let him imagine himself standing under a clear sky at the
tune when the Milky Way encircles the horizon. Then, the
first zone, as we have defined it, will be around the zenith', ex-
tending one -sixth of the way to the horizon on every side;
the second zone will be ne..t below and around this Circular
space, extending one-third of the way to the horizon; and so
each one will follow in regular order until we reach the sixth,
or galactic, zone, which will encircle the horizon to a height
of 15° on every side. The numbers we have given show that
ui the position of the observer which wo have supposed the
stars would be thinnest around the zenith, and would con-
stantly increase in number as we approached the horizon.
The observer being supposed still to occupy the same posi-
tiou, the second table shows the distribution of the stars in tha
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opposite or invisible hemisphere, which he would see if the

earth were removed. In this hemisphere the first, or thinnest,

zone would be directly opposite the thinnest zone in the ob-

server's zenith ; that is, it would be directly nnder his foot.

The successive zones would then be nearer the horizon, the

sixth or last encircling it, and extending 15° below it on every

side.

The numbers we have given are only averages, and do Tiot

give an adequate idea of tlie actual inecpnilities of distribu-

tion in special regions of the heavens. Sometimes tlicre was

not a solitary star in the field of the telescope, while at otii-

ers there were many hundreds. In the circle of the (.lalaw

itself, the stars are more than twice as thick as in tlie avcra^^e

of the first zone, which includes not only this circle, but a

space of 15° on each side of it.

Adopting the hypothesis of a uniform distribution of tlie

stars, llerschcl concluded from his first researches that the

stellar system was of the general form supposed by Ivant, ex-

tendiniT out on all sides five times as far in the direction of

the Galaxy as in the direction perpendicular to it. The most

important modification he made was to sup])Osc an innnense

cleft extending edgewise into the system from its circuiufei-

ence about half-way to the centre. This cleft corresponded to

the division in the Milky Way which commences in the sum-

mer constellation Cygnus in the north, and passes tln-ough

Aquila, the Serpent, and Scorpius far into the southern hemi-

sphere. Estimating the distance by the arrangement and ap-

parent magnitude of the stars, he was led to estimate the mean

thickness of the stellar stratum from top to bottom as Wc

units, and the diameter as 850 units, the unit being the aver

age distance of a star of the first magnitude. Supposing thit'

distance to be that which light Avould travel over in 10 years

—a supposition which is founded on the received estimate of

the mean parallax corresponding to stars of that magnitude-

then it would take light nearly 14,000 years to travel across

the svstem fI'om one border to the other, and 7000 years to

reach us from the extreme boundarv.
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Tlie foregoing deduction of
Ilersclicl was founded on tlio

liypothesis that the stars wei-c

equally dense in every part of
the stellar system, so that the
number of stars in any direc-
,tion furnislied an index to the
extent of the stars in that di-

I'cction. Further study show-
ed llerscliel that this assump-
tion miglit be so far from cor-

rect that his conclusions would
liave to be essentially modi-
Hcd. JJinary and other double
^ars and star clusters evident-
ly offered cases in which sev-
eral stars were in much closer

association than were the stai-s

in general. To show exactly
on M-hat considerations this

c'liange of view is founded, we
reuiark that if the increase of
density in the direction of the
Milky Way were quite rcgu-
lar, so tliat there were no cases
of great difference in the thick-

ness of the stars in two adjoin-
ing regions, then the original
view would have been sound
60 far as it went. But such ir-

regularities are very frequent,
and it would lead to an obvi-
ous absurdity to explain them
on Ilorschel's fii-st hypothesis

;

for instance, when the tele-

scope was directed towards
•lie Pleiades there would be

M;l
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found, proljably, six or eight times as many stars as in the ad-

joining tields. But supposing the real thickness of the stars

the same, the result would be that in this particular direction

the stars extended out twice as far as they did in the neigli-

boring parts of the sky ; that is, we should have a long, nar-

row spike of stars pointing directly from us. As there are

many such clusters in various parts of the sky, we should have

to suppose a great number of such spikes. In other regions,

especially around the Milky Way, there are spaces nearly v(jid

of stars. To account for these we should have to suppjse

long narrow chasms reaching through towards our sun. Tims

the stellar system would present the form of an exaggerated

star-fish with numerous deep openings, a form tlie existence

of which is beyond all probability, especially if we reflect

that all the openings and all the arms have to proceed from

the direction of our sun.

The only rational explanation of a group of stars showing

itself in a telescope, with a comparatively void space surround-

ing it, is that we have here a real star cluster, or a region in

which the stars are thicker than elsewhere. Now, one can see

with the naked eye that the Milky Way is not a continuous

uniform belt, but is, through much of its course, partly made

up of a great number of irregular cloud-like masses with com-

paratively dark spaces between them. The conclusion is un

avoidable that we have here real aggregations of stars, and

not merely a region in which the bounds of the stellar-sys-

tem are more widely extended. Whether Ilerschel clearly saw

this may be seriously questioned ; but however it may ]iav(>

been, he adopted another method of estimating the rclati\(;

distances of the stars visible in his gauges.

This method consisted in judging of the distances to which

his telescope penetrated, not by the number of stars it brouujht

into view, but by their brightness. If all the stars were of the

same intrinsic brightness, so that the differences of their ap

parent magnitude arose only from their various distances from

us, then this method would enable us to fix the distance of

each separate star. But as we know that the stars are by no
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means equal in intrinsic brightness, tl)e method cannot he
safely apphed to any individual star, a fact which llersciielInmsef clearly saw. It does not follow, however, that wecannot thus form an idea of the relative distances of whole
classes or groups of stars. Although it is quite possible thatan mdiv,dual star of the iifth magnitude Zy be nearer to uthan another of the fourth, yet we cannot doubt that the av-
erage distance of all the fifth-magnitude stars is greater than
i.e average of those of the fourth magnitude, and greater

too, ,n a proportion admitting of a tolerably accurate numeri-'
cal estimate. Such an estimate Ilerschel attempted to make
proceedmg on the following plan :

Suppose a sphere to be drawn aroimd our Rim as a centre
ot such size that it shall be
equal to the average space
occupied by a single one of
the stars visible to the naked
eye; that is, if we suppose
that portion of the space of
the stellar system occupied
by the six thousand bright-

er stars to be divided into
six thousand parts, then the
sphere will be equal to one
of these parts. The radius
of this sphere will probably
not differ much from the dis-

tance of the nearest fixed star,

a distance we shall take for
unity. Then, suppose a series

of larger spheres, all draM'n
around our sun as a centre,

and having the radii 3, 5, 7,

9, etc. Tlie contents of the

spheres being as the cnbes
cf their diameters, the first

buhere will have 3 X 3 V ^ - 97 ^'°' "°-^""»"-""'K Uerschel-s order? of dls-/su/vu__^i tauce of tlie stars.

If. "
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times the bulk of the unit sphere, and will therefore be largo

enoiio-h to contain 27 stars; the second will have 125 tiuio;^

the bulk, and will therefore contain 125 stai-s, and so with

the successive spheres. Fig. 110 shows a section of portions

of these spheres up to that with radius 11. Above the centre

are given the various orders of stars which are situated be

tween the several spheres, while in the corresponding spaces

below the centre are given the number of stars which the re-

gion is large enough to contair. ; for instance, the sphere of

radius 7 has room for 343 stars, but of this space 125 parts

belong to the spheres inside of it : there is, tlierefore, room fur

218 stars between the spheres of radii 5 and 7.

Herschel designates the several distances of these layers of

stars as orders ; the stars between spheres 1 and 3 are of the

first order of distance, those between 3 and 5 of the secoud

order, and so on. Comparing the room for stars between tlic

several spheres with the number of stars of the several magni-

tudes, he found the result to be as follows

:

Number of Number of
OrJor of

Strtre thoro MaKiiItudo, Stnrs of that
DlsUnce.

i> room for. magnitude.

1 26 1 17

2 J)8 2 57

3 218 3 20G

4 38G 4 454

r> G()2 5 IIGI

G 8(5G G ol()3

7 1178 7 614G

8 1538

There is evidently no correspondence between the calculat-

ed orders of distance and the magnitudes as estimated on the

usual scale. But Herschel found that this was because the

magnitudes as usually estimated corresponded to an entirely

different scale of distance from that which he adopted. In

his scale the several distances increased in arithmetical pro-

gression ; M'hile in the order of magnitudes the increase is

in geometrical progression. In consequence, the stars of the

sixth magnitude correspond to the eighth, ninth, or tenth ortler

of distances : that is, vve should have to remove a star of the «_
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first magnitude to eight, nine, or ten times its actual distance
to make it shine as a star of the sixth magnitude.
Attempting on this system to measure the extent of the

Ml kj Way, Ilerscliel conchidcd iliat it was unfathomable
with his twenty-foot telescope, which, he calculated, would
penetrate to the 900th order of distances, that is, to stars
vvluch were 900 times as far as the average of tliose of the
first magnitude. He does not seem to have made any very
extended examination with his forty-foot telescope, but con-
chided that it would leave him in the same uncertainty in
respect to the extent of the Milky Way as the twenty-foot one
did This unrivalled man, to wliom it was given to penetrate
farther into creation than man liad over done before him
seems to have rested from his labors without leaving any more
dehmte theory of the boundaries of the stellar system than
that they extended, at least in the direction of the Milky Way
Ijeyond the utmost limit to which his telescope could penetrate!
If we estimate the time it would require light to come from
the utmost limit to which he believed his vision to extend
we shall find it to be about fourteen thousand years, or more
than double that deduced from his former gauges. We can
say with confidence that the time required for hght to reach
us from the most distant visible stars is measured by thou-
sands of years. But it must be admitted that Ilerschel's esti-
mate of the extent of the Milky Way may be far too great, be-
cause It rests on the assumption that all stars are of the same
absolute brightness. If the smallest stars visible in his tele-
scope were, on the average, of the same intrinsic brilliancy as
the brighter ones, the conclusion would be well founded. But
if we suppose a boundary, it is impossible to decide from Ileiv
schel's data whether the minuteness of those stars arises from
their great distance or from their small magnitude. Notwith-
standing this uncertainty, it has been maintained by some, not-
ably by Mr. Proctor, that the views of Ilerschel respectino- the
constitution of the Milky Way, or stellar system, were radical
ly changed by this second method of star-gauging. I see no
evidence of any radical change. Altliough Ilei'schei does not
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express himself very definitely on the subject, yet, in his last

paper on the distribution of the stars {PJiilosopldcal Trans-

actions for 1817), tliere are several remarks which seem to im-

ply that he still supposed the stellar system to have the gen-

eral form shown in Fig. 109, and that, in accordance with that

view, he supposed the clustering of stars to indicate protuher

ant parts of the Milky Way. He did, indeed, apply a diffoi-

ent method of research, but the resnlts to which the new niutl;-

ods led were, in their main features, the same as those of the

old method.

Since the time of Ilerschel, one of the most eminent of the

astronomers who have investigated this subject is Striive the

elder, formerly director of the Pulkowa Observatory. His re-

searches were founded mainly on the numbers of stars of the

several magnitudes found by Bessel in a zone thirty degrees

wide extending all round the heavens, fifteen degrees on each

side of the equator. With these he combined the gauges of

Sir William Ilerschel. The hypotliesis on which he based his

theory was similar to that employed by Ilerschel in his later

researches, in so far that he supposed the magnitude of the

stars to furnish, on the average, a measure of their relative

distances. Supposing, after Ilerschel, a number of concentric

spheres to be drawn around the sun as a centre, the successive

spaces between which corresponded to stars of the several

magnitudes, he found that the farther out he went, the more

the stars were condensed in and near the Milky Way. This

condition may be drawn at once from the fact we have al-

ready mentioned, that the smaller the stars, the more they are

condensed in the region of the Galaxy. Strnve found that if

we take only the stars plainly visible to the naked eye—that

is, those down to the fifth magnitude—they are no thicker in

the Milky Way than in other parts of the heavens. But those

of the sixth magnitude are a little thicker in that region, those

of the seventh yet thicker, and so on, the inequality of distri-

bution becoming constantly greater as the telescopic power it-

increased.

From all this, Struve concluded that the stellar system migh,
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be coiisidered as composed of layers of stai-s of various densi-
ties, all parallel to the plane of the Milky Way. The stars are
thickest in and near the central layei-, which he conceives to
be spread out as a wide, thin sheet of stars. Our sun is situ-
ated near the middle of this layer. As we pass out of this
la.v r, on either side we find the stars constantly growing thin,
nc/ and thinner, but we do not reach any distinct boimdary.
As, if we could rise in the atmosphere, we should find the air
constantly growing thinner, but at so gradual a rate of pro<r.
ress that we could hardly say where it terminated ; so, o°n
Struve's view, would it be with the stellar system, if we could
mount up in a direction perpendicular to the Milky Way.
Struve gives the following table of the thickness of the stare
on each side of the principal plane, the unit of distance beincr
that of the extreme distance to which Ilerschel's telescope
could penetrate

:

DiiUnce from Principal Plane. Deiully.

Menri [>lAtnnr«t

IwlHTwri Nelgh-

biirinx Start.

In the piiiici|)al plane 1 cooo 1.000
1.972

O.O.") from principal plane 0. W>G8
0.10 (>.a;i288 1.458
0.20 " «'

(».2;j8i).-, l.GIl
0.30 " " O.17!»80 1.772
0.40 " " 1.W2I l.!)73
0.60 « "
0.60 " "

().()8(UG

0.()-,,-)lo

2.2(il

2.(i'>8
0.70 " «<

().()a()79 3.190
0.80 " " 0.0UI4 4.131
0.8GG " " 0.00r)32 f>.72l)

ihis condensation of the stars near the central plane, and
the gradual thinning-out on each side of it, are only designed
to be the expression of the general or average distribution
of those bodies. The probability is tliat even in the central
plane the stars are many times as thick in some regions as in
othei-8,and that as we leave the plane, the thinning^Tout would
be found to proceed at very different rates in different re-
gions. That there may be a gradual thinning-out cannot be
denied

;
but Struve's attempt to form a table of it is open to

the serious objection that, like Herscliel, he supposed the di£

n
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fcrcnces between the niagtiitndcs of the stara to anse entirely

from their different distances from us. Although where tlio

scattering of the stars is nearly ni\iforni this supposition may

not lead us into serious error, the case will be entirely differ-

ent where wo have to deal with irregular masses of stars, and

especially where our telescopes penetrate to the boundary of

the stellar system. In the latter case we cannot possibly dis-

tinguish between small stars lying within the boundary and

larger ones scattered outside of it, and Struve's gradual thin-

ning-out of the stars may be entirely accounted for by great

divereities in the absolute brightness of the stare.

Among recent researches on this subject, those of Mr. R.

A. Proctor are entitled to consideration, from being founded

on facts which were not fully known or understood by the

fnvestigators whom we have mentioned. The strongest point

which ho makes is that all views of the arrangement of the

stellar system founded upon the theory that the stars are

either of similar intrinsic brightness, or approach an etpiality

of distribution in different regions, are entirely illusory. He
cites the phenomena of star-drift, described in the last chap-

ter, as pi'oving that stars which had been supposed widely sep-

arated are really agglomerated into systems; and claims that

the Milky Way may be a collection of such systems, having

nothing like the extent assigned it by Ilerschel.

How far the considerations brought forward by Mr. Proc-

tor should make us modify the views of the subject hitherto

held, cannot be determined without further observations on the

clnstering of stars of different magnitudes. We may, howev-

er, safely concede that there is a greater tendency among the

stars to be collected into groups than was formerly supposed.

A curious result of Mr. J. M. Wilson, of Rugby, England, re-

specting the orbits of some binary stars, throws light on this

tendency. It was found by Struve that although the great

common proper motion of the pair of stars 61 Cygni, cele-

brated for the determinations of their parallax, was such as to

leave no reasonable doubt that they were physically connect-

ed, yet not the slightest deviation in their courses, arising
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from their nu.tual attraction, conld be detected. Uv Wilson
lius recently confirn.ed this result by un oxa.nination of the
whole series of nieasin-es on this pair from 1753 to 1S74
winch do not show the slightest deviation, but see.n to indi-
cate that each star of the pair is going on its conrso indepon-
dently of the other. IM, as just stated, they move too ncarly
t.>gether to pennit of the belief that they are really indepen
dent. Tlie only conclusion open to us is that each of them de-
scribes an immense orbit around their common centi-e of <.rav.
ity, an orbit which may be several degrees in api.arent (Ham-
eter and in which the time of revolution is counted by thou-
sands of years. Two thousand years hence they will bo so
tar -.part that no connection between them would be sus-
pected.

It is a question whether we have not another instance of

u wT ^'^'^ ,'" '''" ^^"^^^ '^^' ^^'^""''^ ">' « Geminorum.
Mr. Wilson finds the orbit of this binary to be apparently
hyperbolic, a state of things which would indicate that the
two stars had no physical connection whatever, but that in
pursuing their courses through space, they chanced to come
so close together that they were brought for a while within
each other's sphere of attraction. If this be the case, they
will gradually separate forever, like two ships meetino- on the
ocean and parting again. We remark that the course of each
star will then be very different from what it would have
been if they had not met. We cannot, however, accept the
hyperbolic orbit of Mr. Wilson as an established fact, because
the case is one in which it is very difficult to distinguish be-
tween a large and elongated elliptic orbit and a hyperbolic
orbit. The common proper motion of the two objects is such
as to lead to the belief that they constitute a pair, the compo-
nents of which separate to a great distance.
Now, these discoveries of pairs of stai-s moving around a

common centre of gravity, in orbits of immense extent, suc.-
pst the probability that there exist in the heavens great num-
bers of pairs, clusters, and systems of this sort, the -members
of which are so widely separated that they have never been
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snf-pectcd to belong: togetlier, and tlie widely scattered i?voiina

havini;; a common proper motion may very well bo Hystcnis of

this kind.

§ 3. Probable Arrangement of the Visible Universe.

The preceding description of tlie views held by several gen-

erations of profound thinkers and observers respecting the

arrangement of the visible universe furnishes an exanij>lo of

what wo may call the evolution of scientific knowledge. Of
no one of the great men wiiom we have .nentioned can it he

said that his views were absolutely and miqualifiedly errone-

ous, and of none can it bo said that he reached the entire

truth. Their attempts to solve the mystery which thny saw

before them were like those of a spectator to make out the ex-

act structure of a great building wiiich he sees at a distance

in the dim twilight. lie first sees that the building is really

there, and sketches out what he believes to be its outlines. As
the light increases, he finds that his first outline bears but a

rude resemblance to what now seems to be the real form, and

he corrects it accordingly. In his first attempts to fill in the

columns, pilasters, windows, and doors, he mistakes the darker

shades between the columns for windows, other lighter sluid-

ows for doors, and the pilasters for columns. Notwithstand-

ing such mistakes, his representation is to a certain extent cor-

rect, and he will seldom fall into egregious error. The suc-

cessive improvements in his sketch, from the first rough out-

line to the finished picture, do not consist in effacing at each

step everything he has done, but in correcting it, and filling in

the details.

The progress of our knowledge of nature is generally of this

character. But in the case now before us, so great is the dis-

tance, so dim the light, and so slender our ideas of the princi-

ples on which the vast fabric is constructed, that wo cannot

pass beyond a few rough outlines. Still there are a few feat-

ures which we can describe with a near approach to certainty,

and othei's respecting which, though our knowledge is some-

what vague, we can reach a greater or less degree of proba-
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bilitj. Wo may include tliose uudc;- the followitii? seven
heads

:

l8t. Leaviiirr the nebulm out of consideration, and confining
>in-8elve8 to the stelhir systen., we may say, with moral cer^
lumty, tiiat the jjroat mass of the stars which compose this
system are spread out on all sides, in or near a widely extend-
ed plane piussin- through the Milky Way. In other words,
the largo majority of the stars which we can see with the tele-'

scope are contained in a space having the form of a round, flat
disk, tlie diameter of which is eight'or ten times its thickness.
This was clearly seen by Kant, and has been conHrmcd by
Ilerschel and Struve. In fact, it forms the fundamental base
of the structures reared by these several investigators. AVhen
Kant saw, in this arrangement, a resemblance to the solar
system, in which the planets all move round near one central
plane, he was correct, so far as he went.. The space, then, in
which we And most of the stars to be contained is bounded
by two i)arallel planes forming the upper and lower surfaces
of the disk we have described, the distance apart of these
planes being a small fraction of their extent— probably less
than an eighth.

2d. Within the space we have described the stars are not
scattered uniformly, but are for the most part collected into
n-regular clusters or masses, with comparatively vacant spaces
between them. These collections liave generally no definite
boundaries, but run into each other by insensible gradations.
The number of stars in each collection may range from two
to many thousands

; and larger masses are made up of smaller
ones in every proportion, nuich as the heavy clouds on a sum-
mer's day are piled upon each other.

3d. Our sun, with its attendant planets, is situated near the
centre of the space we have described, so that we see nearly
the same number of stars in any two opposite quarters of the
heavens.

4tli. The six or seven thousand stars around us, which are
easily seen by the naked eye, are scattered in space with a
near approach to uniformity^ the only exception being local
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clusters, the component stars of wliicli are few in number aiij

pretty widely separated. Such are the Pleiades, Coma Bere-

nices, and perhaps the principal stars of many other constella-

tions, which are so widely separated that we do not see any

connection among them.

5th. The disk which we have described does not represent

the form of the stellar system, but only the limits witliin

which it is Uiostly contained. The absence of any deliiiitc

boundary, either to star clusters or the stellar system, and the

number of comparatively vacant regions here and there among
the clusters, prevent our assigning any more definite form to

the system than we could assign to a cloud of dust. The thin

and widely extended space in which the stars are most thickly

clustered may, however, be called the galactic region.

6th. On eacli side of the galactic region the stars are more

evenly and thinly scattered, but probably do not extend out to

a distance at all approaching the extent of the galactic region.

If they do extend out to an equal distance, they are very few

in number. It is, however, impossible to set any definite boun-

daries, not only from our ignorance of the exact distance of

the smallest stars we can see in the telescope, but because the

density of the stars probably diminishes very gradually as we

go out towards the boundary.

7th. On each side of the galactic and stellar rcijion m'C have

a nebular region, in which we find few or no stars, but vast

numbers of nebula). The nebulas diminish greatly in num-

ber as we approach the galactic region, only a very few being

found in that region.

The general arrangement of the stars and nebula which we

have described is seen in Fig. Ill, which shows what is prob-

ably the general aspect of a section of the visible universe per-

pendicular to the Milky Way. In the central part of the fig-

ure we liave the galactic region, in which the stai's are mostly

aorcrreo-ated in lare-e masses. Of the arrangement of these

masses nothing certain is known ; they are, therefore, put in

nearly at random. Indeed, it is still an undecided question

whether the aggregations of stars which make np the ]\lilkv

Z"
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Way extend all the way across the diameter of the L^ahiccic
region, or wliether they are arranged in the form of a rin-
with our sun and his surrounding stars in the centre of it
n lie latter case, the masses of stars near the centre should

I.e less strongly marked. This central region being that in
which our earth is situated, this uncertainty respecting the
density of stars in that region implies an uncertainty whether
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"'•""K^™'^"' "f the stars and i.ebnlffi visible with the tclesconc mthe Galaxy the stars are not evenly scattered, but are agglomeratedTuto c.S:'
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the stars visible with the naked eye are part of one of the
masses winch make up the Galaxy, or whether we are in a
comparatively thin region. Although this question is still
unsolved, it is one which admits of an answer bv telescopic
research. When we described Sir William IleVschel's ar-
rangement of the stars in concentric spheres, we saw that in
tlie more distant spheres the stai-s were vastly more dense I

I
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around the galactic belt of each sphere than they were in

other parts of it. To answer the question which has been
presented, we must compare the densities of the stars at tlic

circumferences of these spheres with the density immediately

around us. In other words, the question is, Suppose a human
being could dart out in the direction of the Milky Way, and
pass through some of the masses of stars composing it, would
he find them thicker or thinner than they are in the visible

heavens around us ?

A question still left open is, whether all the celestial objects

visible with the telescope are included within the limits of the

three regions we have just indicated, or whether the whole

Galaxy, with everything which is included within its limits,

is simply one of a great number of widely scattered stollur

systems. Since any consideration of invisible galaxies and

systems would be e"tirely idle, the question may be reduced

to this : Are the most distant star clusters which the telescope

shows us situated within the limits of the stellar system or far

without them, a great vacant space intervening ? The latter

alternative is the popular one, first suggested by Kant, it be-

ing supposed that the most distant nebulae constituted other

Milky Ways or stellar systems as extensive as our own.

Although the possibility that this view is correct cannot be

lenied, yet the arrangement of the star clusters or resolvable

nebuke militates against it. We have shown that the major-

ity of the latter lie near the direction of the plane of the

Milky W^ay, comparatively few being seen near the perpen-

dicular direction. But if these objects were other galaxies,

far outside of the one which surrounds us, they would be as

likely to lie in one direction as in another, and the probal)il-

ity against the great mass of them lying in one plane would

be very great. The most probable conclusion, therefore, is

that they constitute part of our stellar system. They may, in-

deed, be scattered around or outside of the extreme limits with-

in which single stars can be seen, but not at distances so great

that they should be considered as separate systems. The most

probable conclusion, in the present state of our knowledge,
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seems to be that the scheme shown in Fig. Ill includes the
wiiole visible universe.

The differences of opinion which now exist respecting, the
probable arrangement and distance of the stars arise mtinlvfrom our uncertainty as to what is the probable rano-e of ab-
solute magnitude of the stars, a subject to which we have al-
ready several times alluded. The discovery of the parallax
of several stai^ has enabled us not only to form some idea of
this question by comparing the brilliancy of these stars with
their known distances, but it has enabled us to answer the in-
teresting question, How does our sun compare with these stara
in brightness ? The curious result of this inquiry is, that our
sun IS rea ly a star less than the average, which would mod-
estly twinkle among the smaller of its fellows if removed
to the distance from us at which- they are placed. Zollner
found by comparing the light of the sun with that of Capella
or a Aungae, that it would have to be removed to 236 000
times its present distance to appear equally bright with that
star, which we may take as an average star of the first ma-ni-
tude. But the greater number of the stars of this ma^^nitude
are situated at four or five times tliis distance; so that if our
sun were placed at their average distance, it would probably
not exceed the third or fourth magnitude. Still, it would by
no means belong among the smallest stars of all, because we
do find stars with a measurable parallax which are only of
the filth, sixth, or even the seventh magnitude. Altogether it
appears that the range of absolute brilliancy among the stai-s
extends through eight or ten magnitudes, and that the largest
ones emit several tliousand times as much light as the small-
est. It is this range of magnitude which really forms the
greatest obstacle in the way of determining the arrangement
ot the stars m space.

§ 4. Bo the Stars reallyform a System?
We have described the sublime ideas of Kant and Lam-

bert, who seeing the bodies of our solar system fitted to go
through their revolutions without uermannnt nli«n.
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;ii|T, 1

an indefinite period of time, reasoned by analog}^ tliat the

stellar universe was constructed on the same general plan,

and that each star had its appointed orbit, round whicli it

would run its course during endless ages. This speculation

was not followed up by Herschel and Struve, who, proccedino-

on a more strictly scientific plan, found it necessary to learn

how the stars are now situated before attempting to decide

in what kinds of orbits they are moving. In the absence of

exact knowledge respecting the structure and extent of the

stellar system, it is impossible to say with certainty what will

be the state of that system after the lapse of the millions of

years which would be necessary for the stars to perform a

revolution around one centre. But, as in describing the con-

stitution of the stellar system, we found certain features on

which we could pronounce with a high degree of probabiHty,

so, in respect to the motions and orbits of the stars, there are

some propositions which we may sustain with a near approach

to certainty.

Stability of the System.—We may first assert, with a higli de-

gree of probability, that the stars do not form a stable system

in the sense in which we say that the solar system is stable.

By a stable system we mean one in which each star moves

round and round in an unchanging orbit, every revolution

bringing it back to its starting-point, so that the system as a

whole shall retain the same general form, dimensions, and

arrangement during innumerable revolutions of the bodies

which compose it. It is almost necessary to the existence of

such a system that ife have a great central body, the mass of

which should be at least vastly greater than that of the indi-

vidual bodies which revolve around it. At least, such a cen-

tral body could be dispensed with on)y by the separate stars

having a regularity of motion and arrangement which cer-

tainly does not exist in the stellar system as we actually see

it. The question, then, reduces itself to this : Are there any

immense attracting centres around which the separate collec-

tions of stars revolve ; or is there any centre around which all

the stars which compose the visible universe revolve ? In all

^*4y44^-
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negative. All analogy leads ,19 to believe that if there wereany sneh centra masses, they would bo not only larger hauthe other stars, but brighter in a yet greater p/oporHo , l"
.8, of conrse possible to conceive of immense dark bodiesuch as Lambert snp,»sed to exist, but we cannot but bet e'he eK,stenee of such bodies to be very improbable. Tl!hough there >s, as we have seen, great diveiity amon. Uiestars m respect to their magnitudes, there are none of them

helf'fr"' Vr\ ""' -'""""""ins preeminence abo"

But the most conclusive proof that the stara do not revolveround deflmto attracting centres is found in the variety adujegu anty rf their proper motions, which we have a readydescribed. We have shown (1) that when the motions ofgreat numbers of stars are averaged, there is found a Tnerlpreponderance o motions frem the constellation HeCuleswhich IS supposed to be due to a motion of our sun wM S
motions of stars in the same region are compared, there isftcn found to be a certain resemblance among them Bthis tendency towards a regular law affects onl/large ma esot stars, and does not imply any such regularUy in the moons o individual stai-s as would bo apparent if they mo" dm regular eircnlar orbits, as the planets move reund fte s™The motion of each individual star is generally so entirelv
different from that of its fellows as secn^ingly to precMe aHreasonable probability that these bodies arerevolrint in dotnite orbits around great centres of attraction.
The most extraordinary instances of the irregularities ofwhich wo speak are found in the star« of un„°„aljy an dproper motion, whid, are moving forward at such a lateXtte gravita ion of all the known stars cannot stop them untlhoy shall have passed threugh and beyond the visible uni-<use. The most remarkable of these, so far as we know isrooinbndge 1830, it having the largest apparent proper „W
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tion of any known star. The most careful determinations of

its parallax seem to show that its distance is so immense that

tlie parallax is only about a tenth of a second ; that is, a line

drawn from the sun to the earth would subtend aa angle of

only a tenth of a second when viewed from this star. But

the apparent motion of the r^'.^' as '.vc actually see it, is i>iorc

tlian seven seconds per aniu seventy times its parallax.

It follows that the star moves ; „r a spac^ of ^nore than sev-

enty times the distance of the sun from us in the sjiace of a

year. If, as is likely, the motion of the star is oblique to the

line in which we see it, its actual velocity must be yet greater.

Leaving this out of account, we see that the star would pass

from the earth to the sun in about five days, so that its veloci-

ty probably exceeds two hundred miles per second.

To understand what this enormous velocity may imply, we

must advert to the theorem of gravitational astronomy that

the velocity which a body can acquire by falling towards uii

attracting centre is, at each point of its path, limited. For ex-

ample, a body falling from an infinite distance to tlie earth's

surface, and acted on by the attraction of the earth alone, would

acquire a velocity of only about seven miles per second. Vice

ve7'sa,Si body projected from the earth with this velocity would

never be stopped by the earth's attraction alone, but would

describe an elliptic orbit round the sun. If the velocity ex-

ceeded twenty-seven miles per second, the attraction ot the sun

himself could never stop it, and it would wander forever

through the stellar spaces. The greater the distance from the

sun at which the body is started, the less the velocity Avhicli

will thus carry it forever away from the sun. At the orbit of

Uranus the required velocity would be only six miles per sec-

ond ; at Neptune, it would be less than five miles per second ;

half-way between the sun and a Centauri, it would be a mile

in twelve seconds, or a fourth the speed of a cannon-ball. If

we knew the masses of each of the stars, and their arrange-

ment in space, it would be easy to compute this limiting ve-

locity for a body falling from an infinite distance to any point

of the stellar system. If the motion of a star were found to
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exceed this limit, it would show that the star did not belong
to the visible universe at all, but was only a visitor flying
on a course through infinite space at such a rate that the
combined attraction of all the stars could never stop it.

Let us now see how the case may. stand witli our flying star,

and what relation its velocity may bear to the probable attrac-
tion of all the stars which exist within the range of the tel-

escope. The number of stars actually visible with the most
powerful telescopes probably falls short of flfty millions ; but,
to take a probable outside limit, we shall suppose that within
the regions occupied by the farthest stars which the telescope
will show, there are fifty millions more, so small that we cannot
see them, making one hundred millions in all. We shall also
suppose that these stars have, on the average, five times the
mass of the sun, and that they are spread out in a layer across
the diameter of which light would require thirty tl^ousand years
to pass. Then, a mathematical computation of the attractive

power exerted by such a system of masses sliows that a body
falling from an infinite distance to the centre of the system
would acquire a velocity of twenty -five miles per second.
Vice versa, a body projected from the centre of such a system
with a velocity of more than twenty-five miles per second in
any direction whatever would not only pass entirely through
it, but would fly off into infinite space, never to return. If the
body were anywhere else than in the centre of the system, the
velocity necessary to ca>ry it away would be less than the
limit just given. But this calculated limit is only one-eighth
the probable velocity of 1830 Groombridge. The force re-

quired to impress a given velocity on a body falling through
any distance is proportional to the square of the veloticy,foui
times the force being required to give double the velocity, nine
times to increase it threefold, and so on. To give eight times
the velocity would require sixty-four times the attracting mass.
If, then, the star in question belongs to our stellar system, the
masses or extent of that system must be many times greater
than telescopic observation and astronomical research indicate.

We may place the dilemma in a concise form, as follows

:
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Either tlio bodies wliich compose onr universe are vastly
more massive and numerous than telescopic examinatioi:
seems to indicate, or 1830 Groombridgo is a runaway star
flying on a boundless course through infinite space with such
momentum that the attraction of all the bodies of the universe
can never stop it.

Which of these is the more probable alternative wo cainiot
pretend to say. That the star can neither be stopped, nor bent
far^ from its couree until it has passed the extreme limit to
which the telescope has ever penetrated, we may consider
reasonably certain. To do this will require two or three mlih
ions of years. Whether it will then bo acted on by attractive
forces of which science has no knowledge, and thus carried
back to where it started, or whether it will continue strai<»-ht

forward forever, it is impossible to say.

Much the samo dilemma may be applied to the past history
of this body. If the velocity of two hundred miles or more
per second with which it is moving exceeds any that could bo
produced by the attraction of all the other bodies in the uni-

vei-se, then it must have been flying forward through space
from the beginning, and, having come from an infinite dis-

tance, must be now passing through our system for the fii-st

and only time.

It may be asked whether, in Lambert's hypothesis of im-
mense attracting bodies, invisible on account of their beiiii--

dark, we have not at once the centres required to give general
stability to the stellar system, and to keep the star of which
wo have spoken in some regular orbit. We answer, no. To
secure such stability, stars equally distant from the attracting
centres nnist move with nearly the same velocity. An at-

tracting centre sufficiently powerful to bring a body moving
two hundred miles per second into a regular orbit would
draw most of the other stai-s moving with small velocities into

its immediate neighborhood, and thus subvert the-system. We
thus meet the double diflficulty that we have good reason to

doubt the existence of these opaque, dark bodies, and that if

they did exist, they would not fulfil our requirements.

*4y4
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The j,^cneral result of our inquiry is that the stellar uni.
verso does not seem to possess that form of !invaryin^r stabil-
ity which we see in the solar system, and that the stars move
"1 irregular courses depending, on their situation in respect
to the surrounding stars, and probably changing as this situa-
tion changes. If there were no motion at all among the stars,
they would all fall to a common centre, and universal ruin
would be the result. But the motions which we actually see
are sufticent to prevent this catastrophe, by supplying each
star with a reserve of force which will generally keep it from
actual collision with its neighbors. If, then, any one star
does tall towards any attracting centre, the velocity which it
ucqun-es by this fall will carry it away again in some other
direction, and thus it may keep up a continuous dance, under
the mfluence of ever-varying forces, as long as the universe
sliall exist under its present form.
To those who have been enraptured with the sublime specu-

lations of Kant and Lambert, this may seem an unsatisfactory
conclusion

;
while to *hose who look upon the material uni-

verse as something made to last forever, it may seem improba-
ble. Eut when we consider the immense periods which would
be required for the mutual gravitation of the stars to effect
any great change in the stellar system, we may be led to alter
Buch views as these. We have shown that tens of thousands
ot years would be required to make any great change in the
arrangement of the stars which we see with the naked eye
Ihe tune required for all the stars visible with the telescope
to fall together by their own attraction is to be counted by
millions of years. If the universe had existed in its present
state from eternity, and were to exist forever, the immensity
of these periods would not be at all to the point, because a
million of yeai-s is no more a part of eternity than a single
day. But all modern science seems to point to the finite
duration of our system in its present form, and to carry us
back to the time when neither sun noi' planet existed, save as
a mass of glowing gas. How far back that was, it cannot tell
us with certainty

; it can only say that the period is counted

' ! li

»i

I

SV



502 THE STELLAR UNIVERSE.

by millions of ycure, but probably not by lumdrods of mill-

ions. It also points forward to the tinio when the sun and

stars shall fade awav, and nature shall bo enshrouded in dark-

ness and death, unless some power now unseen shall uphold

or restore her. The time required for this catastrophe cannot

bo calculated ; but it is probably not so great that the stellar

system can, in the mean time, bo subverted by the mutual

gravitation of its members.

It would thus appear as if those nicely arranged adjust-

ments which secure stability and uniformity of motion are

not found where they are not necessary to secure the system

from subversion during the time it is to last, much as the

wheel of an engine which is to make but two or three revo-

lutions while the engine endures need not be adjusted to

make thousands of revolutions. The bodies which fonn our

solar system are, on the other hand, like wheels which have

to make millions of revolutions before they stop. Unless there

is a constant balance between the oppc'^rig forces under the

influence of whicli they move, there mus be a disarrangement

of the movement long before the engine wears out. Thus,

although the present arrangement of the stars may be studied

without any reference to their origin, yet, when we seek to

penetrate the laws of their motion, and foresee the changes

of state to which their motions may give rise, we are 1)r()Uii-!it

to face the question of their duration, and hence of tlieir be-

ginning and end.
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CHAPTER Til.

m
THE COSMOGONY.

TriE idea tliat the world has not endured forever in the
foriii in which we now see it, but that there was a time when
it cither did not exist at all, or existed only as a mass " with-
out form, and void," is one which we tind to have been always
held by mankind. The " chaos " of the Greeks—the rude and
formless materials, subject to no law, out of which all things
were formed by the creative power—corresponds in a striking
manner to the nebulous masses of modern astronomy. Tliese
old ideas of chaos were expressed by Milton in the second
book of "Paradise Lost," before such a thing as a nebula
could be said to be known, and he would be a bold astrono-
mer who, in giving a description of the primeval nebulous
mass, would attempt to improve on the great poet

:

"a dark,

Illimitable ocean, without bound,

Without dimension, where length, breadth, and height,

And time and place, are lost ; where eldest Night
And Chaos, ancestors of Nature, hold

Eternal anarchy amidst the noise

Of endless wars, and by confusion stand

:

For hot, jold, moist, and dry, four champions flero^,

Strive here for mastery, and to battle bring
Their embryon atoms.

Chaos umpire sits,

And by decision more embroils iho fray

By which he reigns : next him, high arbiter,

Chance governs all. Into this wild abyss

Tlie womb of Nature, and perhaps her grave.

Of neither sea, nor shore, nor air, nor fire,

But all these in their pregnant causes mixed
Confusedly, and which thus must ever fight.
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Unless tho nhnighty Mnkcr thorn ordnin

Iliii dark mntoriulti to croato more woiIiIh—
• • « 41 « «

Some tumultuous cloud

Instinct with fiio and nitro."

If WO classify men's idcns of the cosmo<]fony accordliifr to

the data on which tlicj arc founded, we sliall lind them divis-

ible into tlircc classes. The first class connpriscs tliosc funned

before the discovery of the theory of gravitation, and \v]ii(;li,

for this reason, however correct they might have been, had tio

really scientific foundation. Tlie second are those founded on

tho doctrine of gravitation, but without a knowledge of the

modern theory of the conservation of force; while the third

are founded on this theory. It must not be supposed, how-

ever, that the ideas of the last-mentioned class are antagonistic

to those of tho other classes. Kant and Laplace founded the

nebular hypothesis on the theory of gravitation alone, tho con-

servation of force being then entirely unknown. It was, there-

fore, incomplete as it came from their hands, but not neces-

sarily erroneous in its fundamental conceptions.

The consideration of the ancient ideas of the origin of tho

world belongs i-ather to the history of philosophy than to as-

tronomy, for tho reason that they were of necessity purely

speculative, and reflected rather the mode of thought of tho

minds in which they originated than any definite system of

investigating the oi>erations of nature. The Hindoo concep-

tion of Brahma sitting in meditation on a lotus-leaf throui-li

long ages, and then producing a golden egg as laige as the

universe, out of which the latter was slowly evolved, is not

founded on even the crudest observation, but is purely a result

of the speculative tendency of the Hindoo mind. The Jew-

ish cosmogony is the expression of the monotheistic views of

that people, and of the identity of their tutelary divinity with

the maker of heaven and earth. Ilipparchus and Ptolemy

showed the scientific turn of their minds by confining them-

selves to the examination of the universe as it is, without mat
ing any vain effort to trace its origin.
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Though t:,o systems to which wo rofoi- «i-o essentially „„.
K..ent,hc, ,t ,„„s, „„t l,„ s„|,p,«d tl,„t they wore all e, -o .e-

tie ,l„
' "''™ "* Swedo„l,or«, thongl, ,l,cv helonj.

««! >™
'" ?"''^':"."' "™ -nmrkubly in „„„,,|a;,„„ withcent V ,ow« « the snbject as regards the aetnal chan.res which

t"oi< plane ,Ium,g the formation of the planets. A ^reaf dea"t what ,s written on the snbjeet at present is to be^i ,,dod
u. tins san,e ancent class, as bein. the prodnction of n,e, who
re not n,athen,a,icians or working istronon.e^, and Xthe ofoi-e cannot judge whether their views are in aceordro

«-.tl> mechamcal h>ws and with the facts of observation IW
".g over all speculation of this sort, no n,„tter when ortyrf>om produced, we shall consider in historical order the worksof those who have actually contributed to placing the laws ofcosmogony on a scientific foundation. "^ = -

§ 1. The Modern Nebular Hypothesis,

From a purely scientific point of view, Kant has probablyhe best „g^,t to be regarded as the founder of ti^e'tcS
ypothes,s because he based it on an e.«,„ination of the ac mlfeatures of the solar sy,ten,, and on the Newtonian do ^eof U>e mutual gravitation of all matter. Hi, reason!, ^ istaefly tins: Examining the solarsystem, we find t^o ar

able features presented to our consideration. One is that i\
planets and nine satellites (the entire number then Ino v nmove around the sun in circles, not only in the same direc om winch the sun himself revolves on his a.is, but very nearly
.11 the same plane. This common feature of the mofon of
» many bod.es conid not, by any reasonable possibilityZve
ijeen a res,,It of chance; we are, therefore, foLd to M e eat .t must be the result of some commo^ cause orignai;actmg on all the planets.

'fe"""'y

On the other hand, when we consider the spaces in whichhe planets move, we find them entirely void, or as good as

without effect on the planetary motions. There is, therefore.
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no material connection now existing between the planets

through which they might have been forced to take up a com-

mon direction of motion. How, then, are we to reconcile this

common motion with the absence of all material connection?

The most natural way is to suppose that there was once some

such connection which brought about the uniformity of mo-

tion which we observe ; that the materials of which tlie plan-

ets are formed once filled the whole space between them. " I

assume," says Kant, " that all tbe materials out of which the

bodies of our solar system were formed were, in the begin-

ning of things, resolved in their original elements, and filled all

the space of the univei'se in which these bodies now move."

There was no formation in this chaos, the formation of sepa-

rate bodies by the mutual gravitation of parts of the mass be-

ing a later occurrence. But, naturally, some parts of the mass

would be more dense than others, and would thus gather

around them the rare matter which filled the intervening

spaces. The larger collections thus formed would draw the

smaller ones into them, and this process would continue until

a few round bodies had taken the place of the original chaotic

mass.

If we examine the result of this hypothesis by the light of

modern science, we shall readily see that all the bodies thus

formed would be drawn to a common centre, and thus we

should have, not a collection of bodies like the solar system,

but a single sun formed by the combination of them all. In

attempting to show how the smaller masses would be led to

circulate around the larger ones in circular orbits, Kant's rea-

soning ceases to be satisfactory. He seems to think that the

motion of rotation could be produced indirectly by the repul-

sive forces acting among the rarer masses of the condensing

matter, which would give rise to a whirling motion. But the

laws of mechanics show that the sum total of rotary motion in

a system can never be increased or diminished by the nnitual

action of its separate parts, so that the present rotary motions

of the sun and planets must be the equivalent of that which

they had from the beginning.
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HerscheVs Hypothesis. -It is remarkable thaf, the idea of
the gradual transmutation of iiebute into stars seems to liave
been suggested to Herschel, not by the relations of the solar
^stem, but by his examinations of the nebulae themselves.Many of these bodies seemed to him to be composed of im-
mense masses of phosphorescent vapor, and lie conceived that
these masses must be gradually condensing, each around itsown centre, or around those parts where it is most dense, until
It should be transmuted into a star or a cluster of stars. On
classifymg the numerous nebute which he discovered it
seemed to him that he could see each stage of this opei-ation
going on before his eyes. There were the large, faint, diffused
nebula3 in which the process of condensation seemed to have
hardly begun

;
the smaller but brighter ones, which had been

so far condensed that the central parts would soon be-in to
form into stars

;
yet others, in which stars had actually be-un

to form
;
and, finally, star clusters in which the condensation

was complete. As Laplace observes, Herschel followed the
condensation of the nebuh^ in much the same way that we
can, in a forest, study the growth of the trees by comparincr
tliose of the different ages which the forest contains at the
same time. The spectroscopic revelations of the gaseous nat-
ure of the true nebute tend to strengthen these views of Ilei--
schel, and to confirm us in the opinion that these masses will
all at some time condense into stars or clusters of stars.

Laijlace's Vieiu of the Nebular ffypoihesis.—Laplace was led
to the nebular hypothesis by considerations very similar to
those presented by Kant a few years before. The remarkable
uniformity among the directions of rotation of the planets be-
ing something which could not have been the result of chance
he sought to investigate its probable cause. This cause, he
thought, could be nothing else than the atmosphere of the sun
which once extended so far out as to fill all the space now oc'
cupied by the planets. He does not, like Kant, begin wi'.h a
chaos, out of which order was slowly evolved by tlic play of
attractive and repulsive forces, but with the sun, surrounded
by this immense fiery atmosphere. Knowing, from mechan-
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ical laws, that the sum total of rotary motion now seen in tlu;

planetary system must have been there from the boginnini;-, hv

conceives the immense vaporous mass forming the sun aiui

his atmosphere to have had a slow rotation on its axis, Tlio

mass being intensely hot would slowly cool off, and as it did ;;(*

would contract towards the centre. As it contracted, its \(,'-

locity of rotation would, in obedience to one of the fuiula-

mental laws of meclianics, constantly increase, so that a time

would arrive when, at the outer boundary of the mass, the cen-

trifugal force due to the rotation would counterbalance the at-

tractive force of the central mass. Then, those outer portiouj

would be left behind as a revolving ring, while the next inner

portions would continue to contract mitil, at their boundary,

the centrifugal and attractive forces would be again balanced,

when a second ring would be left behind, and so on. Tluis.

instead of a contiimous atmosphere, the sun would be sur-

rounded by a series of concentric revolving rings of vapor.

Now, how would tliese rings of vapor behave ? As they

cooled ofP, tlicir denser materials would condense first, and
thus the ring would be composed of a mixed mass, partly solid

and partly vaporous, the quantity of solid matter constantly

increasing, and that of vapor diminishing. If the ring were

perfectly uniform, this condensing process would take place

equally all around ^it, and the ring wovdd thus be broken up
into a group of small planets, like that which we see between

Mars and Jupiter. But we should expect that in general

some portions of the ring would bo much denser than others,

and the denser portions would gradually attract the rarer por-

tions around it until, insteadd of a ring, we should have a sin-

gle mass, composed of a nearly solid centre surrounded by an

immense atmosphere of fiery vapor. This condensation of tlu

ring of vapor around a single point would have produced lu.

change in the amount of rotary motion originally existing in

the ring ; the planet, surrounded by its fiery atmosphere, would

therefore be in rotation, and would be, in miniature, a repro-

duction of the case of the sun surrounded by his atmosphere

with which we set out. In the same way that the solar at-

'*^*4l..
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inosphero formed itself first into rings, and then these rino-s
condensed into planets, so, if the planetary atn.0Bpheres were
sufhciently extensive, they would forn. themselves into rin-,
and these rings would condense into satellites. In the ease ''of
Saturn, however, one of the rings was so perfectly uniform
that there could be tio denser portion to draw the rest of
the ring around it, and thus we have the well-known rin-s
or baturn. '^

If, among the materials of the solar atmosphere, there were
any so rare and volatile that they would not unite themselves
either into a ring or around a planet, they would continue to
revolve around the sun, presenting an appearance like that
of the zodiacal light. They would offer no appreciable re-
sistance to the motion of the planets, not only on account of
their extreme rarity, but because their motion would be the
same as that of the planets which move among them.
Such is the celebrated nebular hypothesis of Laplace which

has given rise to so much discussion. It commences, not with
a purely nebulous mass, but with the sun surrounded by a
hery atmosphere, out of which the planets were formed On
this theory the sun is older than the planets; otherwise it
would have been impossible to account for the slow rotation
ot the sun upon his axis. If his body had been formed of ho-
inogeneous matter extending out uniformly to near the orbit
ot Mercury, it would not have condensed into a globe revolv-
ing on Its axis in twenty-five days, but into a flat, almost lens-
shaped, body, which would have been kept from forminn- -x
sphei^ by the c-entrifugal force. But the denser materials'be-
ing condensed first, perhaps into such a body as we described,
tne triction of the uncondensed atmosphere would have di
ininished the rotation of the sun, the rotating energy which he
lost being communicated to the embryo planets and throwing
tliem farther away. ^^

In accordance with the hypothesis of Laplace, it has al-
ways been supposed that the outer planets were formed first
Ihere is, however, a weak point in Laplace's theory of the for-
mation of rings. He supposed that when the centrifugal and

•4i
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centripetal forces balanced each otlicr at the outer limit of

the revolving mass, the outer portions were separated from the

rest, which continued to drop towards the centre. If the plan-

etary rings were formed in this way, then, after each ring was

thrown off, the atmosphere must have condensed to nearly

half its diameter before another would have been thrown off,

because we see that each planet is, on the whole, nearly twice

as far as the one next vithin it. But there being no cohe-

sion between particles of vapor, such throwing-off of innnciise

masses of the outside portions of the revolving mass was .in-

possible. The moment the foi'ces balanced, the outer portions

of the mass would, indeed, cease to drop towards the sun, and

would partially separate from the portions next to it ; then

these would separate next, and so on ; that is, there would be

a Constant dropping-off of matter from the enter portions, so

that, instead of a series of rings, there would have been a flat

disk formed of an infinite number of concentrating rings all

joined together.

If we examine the subject more closely,we shall see that

the whole reasoning by which it is supposed that the inner

portions of the mass would drop away from the outer ones

needs important modifications. In its primeval state, when it

extended far beyond the present confines of the solar system,

the rare nebulous atmosphere must have been nearly spherical.

As it gradually contracted, and the effect of centrifugal force

thus became more marked, it would have assumed the form

of an oblate spheroid. When the contraction had gone so

far that the centrifugal and attracting forces nearly balanced

each other at the outer equatorial limit of the mass, the result

would have been that contraction in the direction of the e(iua-

tor would cease entirely, and be confined to the polar regions,

each particle dropping, not towards the sun, but towards the

plane of the solar equator. Thus, we should have a constant

flattening of the spheroidal atmosphere until it was reduced

to a thin flat disk. This disk might then separate itself into

rings, which would form planets in much the same way that

Laplace supi>osed. But there would probably be no marked

^W%.
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difference in tlie age of the planets
; quite likely the smaller

inner rings would condei, ie into planets more i-apidi v than the
wide-spread outer ones.

Kant and Laplace may be said to have arrived at tiie neb-
ular hypothesis by reasoning forward, and showing how by
supposing that the space now occupied by the solar system
was once filled by a chaotic or vaporous mass, from which the
planets were formed, the features presented by this system
could be accounted for. We are now to show how our mod-em science reaches a similar result by reasoning backward
from actions which we see going on before our eyes.

§ 2. Progressive Changes in our System.

During the short period within which accurate observations
l.ave been made, no actual permanent change has been ob-
served in our system. The earth, sun, and planets remain of
the same magnitude, and present the same apjiearance as al-
ways. The stars retain their brilliancy, and, for the most part,
the nebulae their fori.. ..ut the slightest ^•ariation has been
detected in the amount of heat received from the sun or in
the average number and extent of the spots on his surface
And yet we have reason to believe that these things are all
changing, and that the time will come when the state of the
universe will be very different from that in which we now see
it How a change may be inferred when none ia actually vis-
ible may be shown by a simple example.
Suppose an inquiring person, walking in what he sup-

posed to be a deserted building, to find a clock runnino. If
he IS Ignorant of mechanics, he will see no reason why \t may
not have been running just as he now sees it for an indefinite
period, and why the pendulum may not continue to vibrate
and the hands to go through their revolutions, so Ion- as the
fabric shall stand. He sees a continuous cycle of motions, and
can give no reason why they should not have been going on
smce the clock was erected, and continue to go on till it shall
decay. But let him be instructed in the laws of mechanics
and let him inquire into the force which keeps the hands and

111
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pendulum in motion. He will then find that this force is

transmitted to the pendulum through a train of wheels, eac-li

of which moves many times slower than that in front of it,

and that the first wheel is acted upon by a weight, with which

it is connected by a cord. He can see a slow motion in the

wheel which acts on the pendulum, and perhaps in the one

next behind it, while during the short time he has for exami-

nation ho can see no motion in the others. But if he sees how

the wheels act on each other, he will know that they must all

be in motion ; and when he traces the motion back to the first

wheel, he sees that its motion must be kept up by a gradual

falling of the weight, though it seems to remain in the same

position. lie can then say with entire certainty: "I do not see

this M'eight move, but I know it must be gradually approacli-

ing the bottom, because I see a system of moving machinery,

the progress of which necessarily involves such a slow falling

of the weight. Knowing the number of teeth in each wheel

and pinion, I can compute how many inches it falls each day

;

and seeing how much room it has to fall in, I can tell how

many days it will take to reach the bottom. When this is

done, I see that the clock must stop, because it is only the fall-

ing of the weight tluat keeps its pendulum in motion. More-

over, I see that the weight must have been higher yesterday

than it is to-day, and yet higher the day before, so that I can

calculate its position backward as well as forward. By this

calculation I see backward to a time when the weight was

at the top of its course, higher than which it could not be.

Thus, although I see no motion, I see with the eye of rcfison

that the weight is running through a certain course from the

top of the clock to the bottom ; that some power must have

wound it up and started it ; and that unless the same power

intervenes again, the weight must reach the bottom in a cer-

tain number of days, and the clock must then stop."

The corresponding progressive change exhibited by tluj

operations of nature consists in a constant transformation of

motion into heat, and the constant loss of that heat by radia-

tion into space. As Sir William Thomson has expressed it.

*iW4i^
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a constant "dissipation of energy" is going on in natnre.We all know that the snn has been radi."ting heat into spac'dunng the whole conrse of his existence. A^n^all po ion

fn';- ^^"^P^^f°" «f the snn'8 heat, after performing
8 function IB radiated off into space by the earth itself. The

portion of the sun's radiant heat received by the earth is how!ever, conii3arat vely insignificant, since our luminary radktesm every direction equally, while the earth can receive oify

t

part represented by the ratio which its apparent angular mac-nmide as seen rem the sun bears to the whole celesdal sphe^,

Tho llv' • V\ ?
'^^'^^^ ^''""^ •'^^ ''-'^^ ^' the sun.The heat received from them, when condensed in the focus of

a telescope has been rendered sensible by the thermo-multi-
plier, and there is evei-y reason to believe that stellar heat and
hglit bear the same proportion to each other that solar heatand Ijght do. Wherever there is M'hite stellar light, theremust be stellar heat; and as we have found that the sLars in
genera give more light than the sun, we have reason to be-
lieve that they give more heat also. Thus we have a contin-
uous radiation from all the visible bodies of the nniverse
winch must have been going on from the beginnincr.

Until quite recently, it was not known that thfs radiation
involved the expenditure of a something necessarily limited in
supply, and, consequently, it was not known but that it might
continue forever without any loss of power on the part of the
sun and stars. But it is now known that heat canjiot be pro-
duced except by the expenditure of force, actual bx potential
ui some of its forms, and it is also known that the availabl('
supply of force is necessarily limited. One of the best-estab-
ished doctrines of modern science is that force can no more
be produced from nothing than matter can : to find it so ])ro-
duced would be as complete a miracle as to see a globe created
from nothing before our eyes. Hence, this radiation cannot
go on forever unless the force expended in producing the heat
be returned to the snn in some form. That it is not now

.'
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SO returned we may regard as morally certain. Theio is no

known law of radiation, except that it proceeds ont in straight

lines from the radiating centre. If the heat were returned

back to the sun from space, it would have to return to the

centre from all directions ; the earth wonld then intercept as

much of the incoming as of the outgoing heat ; that is, we

should receive as much heat from the sky at night as from

the sun by day. We know very well that this is not the case

;

indeed, there is no evidence of any heat at all reaching us from

space except what is radiated from the stars.

Since, then, the solar heat does not now return to the sun,

we have to inquire what becomes of it, and whether a com-

pensation may not at some time be effected whereby all the

lost heat will be received back again. Now, if we trace the

radiated heat into the wilds of space, we may make three pos-

sible hypotheses respecting its ultimate destiny:

1. We may suppose it to be absolutely annihilated, just as it

was formerly supposed to be annihilated when it was lost by

friction.

2. It may continue its onward course through space forever.

3. It may, through some agency of which we have no con-

ception, be ultimately gathered and returned to the sources

from which it emanated.

The first of these hypotheses is one which the scientific

thinkers of the present day would not regard as at all ])hilo-

sophical. In our scientific philosophy, the doctrine that force

cannot be annihilated is coequal with that that it cannot be

created ; and the inductive processes on which the latter doc-

trine is founded are almost as unimpeachable as those from

which we conclude that matter cannot be created. At the

same time, it might be maintained that all these doctrines re-

specting the uncreatableness and indestructibility of matter

and force can have no proper foundation except induction

from experiment, and that the absolute truth of a doctrine

like this cannot be proved by hiduction. Especially may thl^

be claimed in respect of force. The most careful measures of

force which we can make under all circumstances show that it
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is subject to no sensible loss by either transmission or transfor-
mation. JJnt this alone does not prove that it can be subject
to no loss in a passage through space requiring hundreds of
thousands or millions of years. There is also this essential
difference between force and matter, that wo conceive the lat-
ter as made up of individual parts which preserve their iden-
tity througli all the changes of form which they undergo;
while force is something in which we do not conceive of any
such identity. Thus, when I allow a drop of water to evapo-
rate from my hand, I can in imagination trace each molecule
of water through the air, into the clouds, and down to the
earth again in some particular drop of rain, so that, if I only
had the means of actually tracing it, I could say, « This cup
contains one, or two, or twenty of the identical molecules
which evaporated from my hand a week or a month ago."
It is on this idea of the separate identity of each molecule
of matter that our opinion of the indestructibility of matter is

founded, because matter cannot be destroyed without destroy-
ing individual molecules, and any cause which could destroy a
single molecule might equally destroy all the molecules in the
universe.

But neither parts nor identity is possible in force. A cer-
tain amount of heat may be expended in simply raising a
weight. Here heat has disappeared, and is replaced by a
mere change of position— something which cannot be con-
ceived as identical with it. If we let the weight drop, the
same amount of heat will be reproduced that was expended
in raising the weight ; but, though equal in quantity, it can-
not be regarded as identical in the way that the water con-
densed from steam is identical with that which was evapo-
rated to form the steam. If measnres showed it to be less
in quantity, we could not say there was a destruction of an
identical something which previously existed, as we could if
the condensed steam were not equal to the water evaporated.
Therefore, while the doctrine of the indestructibility of force
is universally received as a scientific principle, it can hardly
be claimed that induction has established its absolute correct

i
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iiess; and, in a case like tho present, where wo see sotnetliin<'

whicli transcends seicntitic explanation, the failure of tli"

widest induction may be considered among the possibk; alter-

natives.

The second alternative— that the heat radiated from the
Bun and stars continues i.d onward course through space for-

ever—is the one most in accord with our scientific concoi)-

tions. We actually receive heat from the most distant star

visible in our telescopes, and this heat has, according to tho
best judgment we can form, been travelling thous^uids of
years without any loss whatever. From this point of view,
every radiation which has ever emanated from the earth or

the sun is still pursuing its course through the stellar spaces,

without any other diminution than that which arises from its

being spread over a wider area. A very striking presentation
of this view is, we believe, due to some modern writer. If
an intelligent being had an eye so keen that ho could sec the

smallest object by the faintest light, and a movement so rapid

that he could pass from one bound of the stellar system to the

other in a few years, then, by viewing the "earth from a dis-

tance much less than that of the farthest star, he would see it

by light which had left it several thousand years before. %
simply watching, he would see the whole drama of human his-

tory acted over again, except where the actions had been hid

den by clouds, or other obstacles to the free radiation of light.

The light from every human action performed under a clear

sky is still pursuing its course among the stars, and it needs

only the powers we have mentioned to place a being in front

of the ray, and let him see the action again.

If the hypothesis now under consideration be the correct

one, then the heat radiated by the sun and stars is forever lost

to them. There is no known way by which the heat thus sent

ofE can be returned to the &\m. It is all expended in produc-

ing vibrations in the ethereal medium which constantly ex-

tend out farther and farther into space.

The third hypothesis, like the first, is a simple . ^njecturc

permitted by the necessary imperfection of our knowledge.

^**M4fe^,
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All the laws of radiation and all our conceptions of space
lead to the conclusion that the radiant heat cf rho sun can
never bo returned to it. Such a return can result on\y ivom
space Itself having su(;h a curvature that what seems to us a
straight line shall return into itself, as has been imagined by a
groat German mathematician f or from the ethereaT medium
the vibrations in which constitute licat being limited in extent-'
or, finally, through some agency as yet totally unknown to sci-
ence. The first idea is too purely speculative to admit of dis-
cussion, while the other two suppositions transcend our science
as completely as does that of an actual annihilation of force.

§ 3. The Sources of the Sun's Ileal.

We may regard it as good as an observed fact that tlie sun
has been radiating heat into void space for thousands or even
millions of years, without any apparent diminution of the sup-
ply. One of the most difficult questions of cosmical physics—
a question the difiiculty of which was not seen before the dis-
coyery of the conservation of force-haa been,IIowis this sui>

* This idea belongs to tlmt trnnsce.ulental branch^oTgeotn^rT^WudTri^nK
nbove those conceptions of space derived from our experience, investigates what
.nay be possible ni the relations of parts of space considered in their widest range
It .3 now conceded that the supposed a priori necessity of the axioms r,f geom-
etry has no really sound logical foundation, and that the question of the limita-
tions within which they are true is one to be settled by experience. Especiallv is
this true of the theorem of parallels, no really valid demonstration either that iwo
parallel straight lines will neve- meet or never diverge being possible. By reject-
...g the limitations imposed upon our fundamental geometrical conceptions yet
without admitting anything which positively contradicts them, several geometricd
systems have been constructed in recent times, which are included under the gen-
e,al appellation of the non-EucUdian Geometry. The most celebrated and re-
markub.e of these systems is that of Riemann, who showed that although we are
obliged to conceive of space as unbounded, since no position is possible which has
n... space on all sides of it, yet there is no necessity that we shall consider it as
i".nnite. It may return into itself in something the manner of the surfa.e of a
s .here, which, though it has no boundary, yet contains only a finite number of
square teet, and on which one who travels straight forward indefinitely will finally
arrive at his stnning-point. Although this idea of the finitude of space transcends
our fundamental conceptions, it does not contradict them, and the most that ex
penence can tell us in the matter is that, though space be finite, the whole extent
of the visible universe can be but a very small fraction of the ..um total of spac-

.1.' f

iM I



518 THE STELLAR UNIFERSK.

ply of lioat kept up? If we (ialculivte at wlmt rate tlio tcm-

peratiiro of tlio buu would he lowered annually by the radia-

tion from its surface, wo shall find it to be 2^° Falirenluiit per

annum, supposinj^ its specitic heat to be the same as that of

water, and from 5° to 10'^ per annum, if wo suppose it the

same as most of the substances which compose our globe. It

would, therefore, have entirely cooled off in a few thousand

years after its formation if it had no other source of heat

than that shown by its temperature.

That the temperature coidd be kept up by combustion, as

terrestrial fires are kept nj), is out of the rpicstion, as new fuel

would have to be constantly added in (quantities which cannot

possibly exist in the neighborhood of the sun. Ihit an allied

source of heat has been suggested, founded on the law of the

mechanical equivalency of heat and force. If a body slioidd

fall into tho sun from a great height, all the force of its fall

woidd be turned into heat, and ihc heat thus produced would

be enormously greater than any that would arise from the

combustion of the falling body. An instance of this law is

shown by the passage of shooting-stars and aerolites through

our atmosphere, where, though the velocity rarely amounts to

more tlipn forty miles a second, nearly all such bodies are con-

sumed by the heat generated. Noav, the least velocity with

which a body could strike the sun (unless it had been merely

thrown from the sun and had fallen back) is about 280 miles

per second ; and if the body fell from a great height, the ve-

locity wonld be over 350 miles per second. The meteoric

theory was fonnded on this law, and is, in substance, that the

heat of the sun is kept up by the impact of meteors upon his

surface. The fact that the earth in its course around the sun

encounters millions of meteoroids every day is shown by the

frequency of shooting -stars, and leads to the result that the

solar system is, so to speak, crowded with such bodies revolv-

ing in all sorts of erratic orbits. It is therefore to l)e sup-

posed that great numbers of them fall into the sun ; and the

question whether the heat thus produced can be equal to that

radiated by the sun is one to be settled by calculation. It is



THE SOUnCliS OF THE SUN'S HEAT. 51!)

thus found that, in order to keep up tho solar heat, a mass of
matter ecpml to our planet would have to fall into the sun ev-
ery century.

This .luantity of meteoric matter is so far beyond all rea-
ponahio pnssil.ility that it requires little consideration t.. show
that the supply of solar heat cannot be thus accounted for
Only a minute fraction of all the meteoroids or other bodies
circulating through space or revolviiiir around the sun could
strike that luminary. In order to reach the sun, they would
have to drop directly to it from space, or be thrown into it
throu-h some disturbance of their orbits produced by planet-
ary attraction. If meteors were as thick as this, the earth
would be so pelted with them that its whole surface would bo
made hot by the force of the impact, and all life would be
completely destroyed. While, then, the sun may, at some past
time, have received a large supply of heat in this way, it is
impossible that the supply could always bo kept up.

The Contmdion Theory.— It is now known that there is
really no necessity for supposing tho sun to receive heat from
any outward source whatever in order to account for the
preservation of his temperature through millions of years
As his globe cools off it must contract, and tho heat .vener-
ated by this contraction will suffice to make up almost the en-
tire loss. This theory is not only in accordance with the laws
of matter, but it admits of accurate mathematical investiga-
tion. Ivnowing the annual amount of energy which the smi
radiates in the form of heat, it is easy, from the mechanical
equivalent of the heat thus radiated, to find by what amount
he must contract to make it up. It is thus found that, with
the present magnitude of the sun, his whole diameter' need
contract but 220 feet a year to produce all the heat which lie
radiates. This amounts, in round numbers, to a mile in 25
years, or four miles in a century.

The question whether the temperature of the sun will bo
raised or lowered by contraction depends on whether we sup-
pose his interior to be gaseous, on the one hand, or solid or
liquid, on the other. A known principle of the contraction of

i I
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gaseous bodies, and one which, at first sight, seems paradox-

ical, is that the more heat such a body loses, the hotter it will

become. By losing Iieat it contracts, but the heat generated
by the contraction exceeds that which it had to lose in order

to produce the contraction.* When the mass of gas is so far

contracted that it begins to solidify or liquefy, this action

ceases to hold, and further contraction is a cooling process.

We cannot yet say whether the sun has or has not ho^nin to

solidify or liquefy in his interior, and therefore cannot make
an exact estimate of the time his heat will last. A roii<di

estnnato may, however, be made from the rate of contraction

necessary to kee]) up the present supply of heat. This I'ate

diminishes as the sun grows smaller at such a rate that in live

millions of years the sun will be reduced to one-half his pres-

ent volume. If he has not begun to solidify now, it seems
likely that l;e will then, and his heat must soon after bco-in

to diminish. On the whole, it is quite improbable that the

sun can continue the radiation of sufficient heat to support

life on the earth ten millions of years more.

The contraction theory enables us to trace the past lustorv

of the sun a little more definitely than that of his future, lie

must have been larger a hundred years ago than he is now by

four miles, and yet larger in preceding centuries. Knowing

* This curious law of cooling masses of gns was discovered by Mr. J. Iloirier

Lane, of Washiufrton. Tliis gentleman's paper on the theoretical tcmperatuio of

the sun, in the American Journal of Science for July, 1870, contains the most

profound discussion of the siiiiject with which I am acquainted. The princijile in

question may be readily shown in tlie following way. If a globular gaseous mass

is condensed to one-half its ])riniitive diameter, tiie central attraction upon any

part of its mass will be increased fourfold, while the surface upon which this at-

traction is exercised will be reduced to onc-foin-th. Hence, the pressure per unit

of surface will be increased sixteen times, while the density will be increased only

eight times. Hence, if the elastic and gravitating forces were in equililirium in

the primitive condition of the gaseous mass, its temperature must be doubled in

order that they may still be in equilibrium when the diameter is reduced one-half.

A similar paradox is found in the tlieorem of celestial mechanics— that the effect

of a resisting medium is to accelerate the motion of a planet or comet through

it. The effect of the resistance is to make the body approach the sun, and the

velocity generated by the approach exceeds that lost by the resistance.
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tlie law of J.is contraction, we can determine his diameter atany past time, just as in the case of tlie runninL^ clock the
hei^^ht of the weight during preceding davs can be calculated.We can tl.ns go back to a time when the globe of the sun ex-
tended out to the orbit of Mercury, then to the orbit of the
oarth, and, hnally, when it iilled the whole space now occupied
hy he solar syste.n We are thus led by a backward process
to the doctnne of the nebular liypothesis in a form strikincdy
similar to that in which it was presented by Kant and La-
place a though our reasoning is foundtd on natural laws ofwhich those great thinkers had no knowled-e.

_

If we take the doctrine of the sun's conSaction as furnish-
ing the complete explanation of the solar -^oat during the whole
period of the sun's existence, we can readily compute the total
amount of heat which can be generated by in's contraction
from any assigned volume. This amount has a limit, however
great M-e nmy suppose the sun to have been in the beginniinr-
a body falling from an infinite distance would generate only
a hunted quantity of heat, just as it would acquire only a lim-
ited yelocl^^ It is thus found that if the sun had, in the be-
ginning, filled all space, the amount of heat generated by his
contraction to his present volume would have been sufficient
to last 18,000,000 years at his present rate of radiation We
can say with entire certainty that the sun cannot have been
radiating heat at the present rate for more than this period un-
less he has in the mean time, received a miraculous accession
ot energy from some outsir^.o source. We use the term " mi-
raculous to designate a,:y seeming incompatibility Avith those
well -ascertained natural laws which we see in operation
around us. These laws teach us that no body can acquire
heat except by changes in its own mass akin to contraction ofIS parts or by receiving it from some other body hotter than
Itself. The heat evolved by contraction from an infinite size
or by the falling of all the part, of the sun from an infinite
distance shows the extreme limit of the heat the sun could
acquire from internal change, and this quantity, as just stated,
would last only 18,000,000 years. In ordei' tlit the sm
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should receive lieat from {mother htxly, it is not merely neces-

sary that that hody should he hotter tlian the sun, but it would

have to be so much hotter that the small fraction of its radi-

ant heat which reached the sun would be greater than all that

the sun himself radiated. To give an instance of what this

condition requires, we remark that tlie body must radiate

more heat tjian the sun in the proportion th-.it the entire vis-

ible celestial sphere bears to the apparent angular magnitude

of the body as seen from the sun. For instance, if its appar-

ent diameter were twelve degrees, it would seem to till about

ttttVtt P'l'i't of the celestial sphere, and in order to warm the

sun at all it would have to radiate more than three thousand

times as much heat as the sun did. Moreover, in order to fur-

nish sufHcient heat to last the sun any given length of time,

it would have to stay in the sun's neighborhood so long that

the excess of what the sun received over what he radiated

would furnish a supply of heat sufficient for that time. We
cannot suppose the sun to have received even a su])ply of a

thousand years of heat in this Avay without the most extrava-

gant assumptions respecting the, volume, the temperature, and

the motion of the body from which the heat was recci\ed—

assumptions which, in addition to their extravagance, would

involve the complete destruction of the planets by the heat of

the body, and the total disarrangement of their orbits ])y its

attraction, if we suppose them to have been in any way pro-

tected from this heat.

Tiie foregoing computation of the limit of time the sun can

have been radiating heat is founded on the supposition that

the amount of heat radiated has always been the same. If

we suppose this amount to have been less formei-ly than now,

the period of the sun's existence may have been longer, and

in the contrary case it may have been shorter. The amount

in question depends on several causes, the effect of -which can-

not be accurately computed—namely, the magnitude, temper-

ature, and condition of the solar globe. Supposing a uniform

radiation, the diameter of this globe was twice as great nine

millions of years ago as it is now. Its surface was tlien of
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four times its present extent, so that, if it was of the same
nature and at tlie same tcmiaerature as now, there would liave
been four times the radiation. But its density would have
heen only one-eighth as great as at present, and its temper-
ature would have been lower. These circumstances would
tend to diminish its radiation, so that it is quite possible that
the total amount of heat radiated was no greater than at
present. The probability woidd seem to be on the side of a
greater total radiation, and this ])robability is strengthened by
geological evidence that the earth was warmer in its earlier
ages than now. If we reflect that a diminution of the solar
heat by less than one-fourth its amount would probably make
our earth t . cold that all the water on its surface would
freeze, while an increase by mnch more than one-half would
probably boil the water all away, it mnst be admitted that the
balance of causes which wonld result in the sun radiating heat
just fast enough to preserve the earth in its present state has
probably not existed more than 10,000,000 years. This is,

therefore, near the extreme limit of time that we can suppose
water to have existed on the earth in the fluid state.

§ 4. Secular Cooling of the Earth.

An instance of a progressive loss of heat, second in impor-
tance only to the loss from *he sun itself, and, indeed, con-
nected with it, is afforded by the secular cooling of the earth.
As we have shown in a preceding chapter, the interior of the
earth is hotter than the surface, and wherever there is such
a difference of temperature as this, there must be a conduc-
tion of heat from the hotter to the colder parts. In order
that heat may thus be conducted, there must be a supply of
heat inside. The increase of heat downwards into the earth
cannot, therefore, terminate suddenly, but must extend to a
great depth.

Whatever view we may take of the question of the earth's
fluidity, it must be admitted that it was hotter in former ages
than now. To borrow an illustration from Sir William Tholn-
son, the case is much the same as if wc should find a hot stone

If <
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in a field. Wo could say, with cntircr certainty, that tlie stono
had been in the fire, or some other hot place, within a limited
period of time. Respecting the orighi of this heat, two hy-

potheses have prevailed—one, founded on the nebular theory,

that the earth was originally condensed as a molten mass, and
has not yet cooled off; the other, that it received its heat from
some external source. The latter was the view of roii^sdii,

who accounted for the increase of temporatue by supposiiii^

that the solar system had, at some former period, passed

through a hotter region of space than that in which it is now
found. This view is, however, now known to be entirely un-

tenable, for several reasons. Space itself cannot bo warm,
and the eartli could have derived heat only from passiiio' near

a hot body. A star passing near enough to heat up the cartli

would have totally disarranged the planetary orbits, by its at-

traction, and destroyed all life on the surface of the globe by
its heat.

Thus, tracing back the earth's heat, we are led back to the

time when it was white-hot ; and then, again, to when it was
enveloped in the fiery atmosphere of the sun ; and again, when
it was itself a mass of fiery vapor. Respecting the time re-

cpiired for it to cool off, we cannot make any exact calcula-

tion, as we have done in the case of the sun, because the cir-

cumstances are entirely different. Owing to the solidity of at

least the outer crust of the earth, the heat which it loses bears

no known relation to its interior temperature. In fact, were
we to compute how long the earth might have been able to

radiate heat at its present rate, we may find it to be counted

by hundreds or thousands of millions of years. The kernel

of the difticulty lies in the fact that when a solid crust once

forni • over the molten earth, there was a sudden chauire in

the rate of cooling. As long as the globe was molten, tliere

would be constant currents between its surface and the inte-

rior, the cooling superficial portion constantly sinkrng down,

and being replaced by fresh hot matter from the interior.

Rut when a continuous solid crust was once formed, the heat

could reach the surface only by conduction through the crust.
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and ilio latter, though only a few feet thick, would operate as
a screen to prevent the furtlier loss of heat. There would, as
the crust cooled, be enormous eruptions of molten matter from
the n.terior; but these would rapidly cool, and thus Jielp to
thicken tlie crust.

_

A fact not to he lost sight of, and which in some way as-
simdates the earth to the sun, is that of the heat lost by the
earth by far tho greater part is made up, not by a lowerin..
ot the ten.perature of the earth, but by its contraction. It is
true t uit there must be some lowering of temperatm-e, but for
each degree that the temperature is lowered there will proba-
bly be a hundred degrees of heat evolved by the c^.ntraction
ot our globe. Considering only the earth, it is difficult to set
an exact limit to the time it may have been cooling since its
crust was formed.

The sudden change produced in the radiation of a molten
body by the formation of a solid crust over its surface may
attord us some clue to the probable termination of the heat,
giving powoi-s of the sun. Whenever the latter so far cools
oft that a continuous solid crust is lormed over its surface it
^vdl rapidly cease to radiate the heat necessary to support life
on the globe. At its present rate of radiation, the sun will be
as dense as tho earth in about 12,000,000 years; and it is
.pnte hkely to be long before that time that we are to expect
the permanent formation of such a crust.

The general cosmical theory which we have been consider^
nig accounts for the supposed physical constitution of Jupiter
which has been described in treating of that planet. On the'
nebular hypothesis, as we have set it forth, the a-es of the
several planets do not greatly diifer. The smaller planets
would, therefore, cool off sooner than the larger ones. It IS
possible that, owing to the great masses of Jupiter and Saturn,
then- rate of cooling has been so slow that no solid crust is yet
formed over them. In this case tliey would appear self-lumi-
nous, were they not surrounded by immense atmospheres, filled
\vith clouds and vapors, which shut off a great part of the
.nternal heat, and thus delay the coolino- process.
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§ 5. General Conclusions respecting the Nehidar Hypoihesis.

It would seem from what has been said that tlie widest in-

dnctloiis of modern science agree with the speculations of

thinking minds in past ages, in presenting the creation of the

material universe to our view as a process rather than an act.

This process began when the present material universe was a
mass of fiery vapor, filling the stellar spaces ; it is still goiiio-

on in its inevitable course, and it will end when sun and stars

are reduced to dark and cold masses of dead matter. The
thinking reader will, at this stage of the inquiry, very natu-

rally inquire whether this view of the cosmogony is to be

receivecl as an established scientific fact, or only as a result

which science makes more or less probable, but of the validity

of which opinions may reasonably differ. We consider that

the latter is the more correct view. All scientific conclusions

necessarily rest on the postulate that the laws of nature are

absolutely unchangeable, and that their operations have never

been interfered with by the action of any supernatural cause

;

that is, by any cause not now in operation in nature, or op-

erating in any way different from that in which it has always

done. The question of the correctness of this postulate is one

of philosopliy and common-sense rather than of science ; and
all we can say in its favor is that, as a general rule, the bet-

ter men understand it, the more difficulty they find in doubting

it. And all we can say in favor of the nebular hypothesis

amounts to this : that the operations of nature, in their widest

range, when we trace them back, seem to lead us to it, as

the mode of running of the clock leads to the conclusion that

it was once wound up.

Helmholtz, Thomson, and others have, as we have explain-

ed, made it evident that by tracing back the cooling processes

we now see going forward in nature, we are led to a time

when the planets were enveloped in the fiery atmosphere of

the sun, and were therefore themselves in a molten or vapor-

ous form. J>ut the reverse problem, tj siiow that a nebulous

mass would or might condense into a by&tem. possessin.g the

""H
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wonderful symmetry of our solar system-tho planets revolv-
ing round the sun, and the satellites round their primaries
in nearly circular orbits-has not been solved in a manner at
all satisfactory. We have seen that Kant's ideas were in some
J-espects at variance with the laws of mechanics which have
since been discovered. Laplace's explanation of how the
planets might have been formed from the atmosphere of the
sun IS not mathematical enough to be conclusive. In the ab-
sence of a mathematical investigation of the subject, it seems
more likely tiiat the solar atmosphere would, under the condi-
tions supposed by Laplace, condense into a swarm of small
bodies like the asteroi<lo filling the whole space now occupied
Ijy the planets. Again, when we examine the actual nebulfe,
we find very few of them to present that symmetry of outline
which would lead to tiieir condensation into a system so sym-
metrical as that to which our planet belongs. The double
stai-s, revolving in orbits of every degree of eccentricity, and
the rings of Saturn, composed apparently of a swarm of small
particles, offer be.ccr examples of what we should expect from
the nebular hypothesis than do the planets and satellites of our
svstem.

These difficulties may not be insurmountable. The crreatest
of them, perhaps, is to show how a ring of vapor surrolinding
the sun could condense into a single planet encircled by satel-
lites._ The conditions under which such a result is possible
require to be inveetigated mathematically. At the present
time we can only say that the nebular hypothesis is indicated
by the general tendencies of the laws of nature; that it has
not been proved to be inconsistent with any fact; that it is
almost a necessary consequence of the only tlieory by which
we can account for the origin and conservation of the sun's
heat

;
but that it rests on the assumption that this conservation

13 to be explained by the laws of nature, as we now see them
in operation. Should any one be sceptical as to the sufficiency
ot these laws to account for the present state of things, science
can furnish no evidence strong enough to overthrow his doubts
until the sun shall be found growing smaller by actual raeas-

35
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urement, or the nebulte be actually seen to condense into stars

and systems.

§ 6. The Plurality of Worlds.

When we contemplate the planets as worlds like our own,
and the stars as suns, each, perhaps, with its retinue of attend-

ant planets, the idea naturally suggests itself that other planets

as well as this may be the abode of intelligent beings. The
question whether other planets are, as a general rule, thus

peopled, is one of the highest interest to ns, not only as in-

volving our place in creation, but as showing us what is really

greatest in the universe. Many thinking people regard tlie

discovery of evidences of life in other worlds as the great ul-

timate object of telescope research. It is, therefore, extreuic-

ly disappointing to learn that the attainment of any direct

evidence of such life seemfe entii-ely hopeless— so hopeless,

indeed, that it has almost ceased to occupy the attention of

astronomers. The spirit of modern science is wholly adverse

to speculation on questions for the solution of which no scien-

tific evidence is attainable, and the common answer of astron-

omers to all questions respecting life in other worlds would

be that they knew no more on the subject than any one else,

and, having no data to reason from, had not even an opinion

to express. Still, in spite of this, many minds will speculate

;

and although science cannot answer the great question for us,

she may yet guide and limit our speculations. It may, there-

fore, not be unprofitable to show within what limits spocnla-

tion may not be discordant with the generalizations of science.

First, we see moving round our sun eight large planets, on

one of which we live. Our telescopes show us other suns, in

such numbers that they defy count, amounting certainly to

many millions. Are these suns, like our own, centres of plan-

etary systems? If our telescopes could be made powerful

enough to show such planets at distances so immense as those

of the fixed stars, the question would at once be settled ; but

all the planets of our system would disappear entirely from

the reach of the most powerful telescopes we can ever hope to
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make at a distance far less than that ^vhich separates us from
the nearest hxed star. Observation can, therefore, afford us
no information on the subject. Wo must have recourse to
cosmological considerations, and tliese may lead to the con.
elusion that if the whole univei-se condensed from a nebulous
mass, the same cause which led our sun to be surrounded by
planets would operate in the case of other suns. But we have
just shown that the symmetry of form and arrangement seenm our system is something we could rarely expect to result
trom the condensation of masses so irregular as those which
make up the large majority of the nebula?, while the irre^-
ular orbits of the double stars show us what we should rather
expect to be the rule. It is, therefore, quite possible that reti-
nues ot planets revolving in circular orbits may be rare excep-
tions, rather than the rule, among the stars.

Next, granting the existence of planets without number
what indications can we have of their habitability ? There
IS one planet besides our own for which the telescope settles
this point-namely, the moon. This body has neither air nor
water, and, consequently, nothing on which organic life oan
be supported. The speculations sometimes indulged in re-
specting the possible habitability of the other side of the
moon, which we can never see, are nothing more than plays
of the imagination. The primary planets are all too distant
to enable us to form any certain judgment of the nature of
their surfaces, and the little we can see indicates that their
constitution is extremely varied. Mars has every appearance
ot being like our earth in many particulars, and is, therefore,
the planet which we should most expect to find inhabited.
xUost ot the other planets give indications of being surround-
ed by immense atmospheres, filled with clouds and vapors
through which sight cannot penetrate, and we can roach no
certain knowledge of what may be under these clouds. On
the whole, we may consider the chances to be decidedly
against the idea that any considerable fraction of the heav-
enly bodies are fitted to be the abode of such animals as we
liave on the earth, and that the number of them which have

I
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tho requisites for supporting civilization is a very small frao.

tion indeed of. tho whole.

This conciusioii units on tho assumption that tho conditions

of life are the same in otliGi worlds as in tur own. Tliib as-

sumption may be contested, ci the ground Inat we can set no

limits to tho power of the Creator in adapting life to the con-

ditions which surround it, and that tho immense range of adap-

tation on our globe—sonw animals living where others are im-

mediately destroyed—makes all inferences founded on the im-

possibility of our earthly animals living in tho planets entirely

inconclusive. The only scientific way of meeting this argu-

ment is to see whether, on our earth, there are any limits to

the adaptability in question. A cursory examinaticn shows

that while there are no well-defined limits to what may be

considered as life, the higher forms of animal life arc very

far from existing equally under all conditions, and the high-

er the form, the more restricted the conditions. We know

that no animal giving evidence of self-consciousnoss is devel-

oped except under the joint influence of air and water, and

'between certain narrow limits of temperature; that only forms

of life which are intellectually very low are developed in the

ocean ; that there is no adapting power exercised by nat.n-e or.

our globe whereby man can maintain a high degree of intel-

lectual or bodily vigor in the polar regions ; that the heats of

the torrid zone also impose restrictions upon tho development

of our race. The conclusion which we may draw from this

is that, if great changes should occur on the surface of our

globe, if it should be cooled down to the temperature of tho

poles, or heated up to that of the equator, or gradually be cov-

ered with water, or deprived of its atmosphere, the liigher pres-

ent forms of animal life would refuse to adapt themselves to

the new state of things, and no new forms of life of equal ele-

vation would take the place of those destroyed by tlie change.

There is not the slightest reason for believing that anything

more intelligent than a fish would ever live under water, or

anything more intellectual than the Esquimaux ever be sup-

ported in regions as cold as the poles. If we apply this con-
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sidoration to tho question which now occupies us, wc are ledo the conclusion that, in view of the innnense diversity of
conditions winch prohably prevails in the universe, it wouldbe >nly m a few favored spots that we should expect to findany very interesting development of life.

An allied consideration will lead us to nearly the same con-
e usion. Enthusiastic writers not only sometimes people the
planets with inhabitants, b„t calculate the possible population
by the number of square miles of surface, and throw in a lib-
eral supply of astronomers who scan our earth with powerful
elescopes The possibility of this it would be presumption
to deny; but that it is extremely improbable, at least in thecase of any one planet, may be seen by reflec=ting on the brev-
ity of ciyil.zat.on on our globe, when compared with the exist-ence of the globe itself as a planet. The latter has probabWbeen revolving in its orbit ten millions of years; man has
probably existed on it less than ten thousand years; civiliza-
lon le. than four thousand ; telescopes little more than two
hnndred. Had an angel visited it at intervals of ten thousand
years to seek for thinking beings, he would have been disap-
pointed a thousand times or more. Eeasoning from analo-vwe are led to believe that the same disappointments mi5it
await him who sholild now travel from planet to planet, andfrom system to system, on a similar search, until he had exam-
ined many thousand planets.

It seems, therefore, so far as we can reason from analocry
hat the probabilities are in favor of only a very small frac^
t.on of the planets being peopled with intelligent beings.But when we reflect that the possible number of the pl-nets
IS counted y hundreds of millions, this small fraction ay
be really a very large number, and among this number manymay be peopled by beings much higher than ourselves in the
intellectua scale. Here we may give free rein to our ima^^i-
nation, with the moral certainty that science will supply notli-mg tending either to prove or to disprove any of its fancies

1
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APPENDIX.

LIST OF THE PRINCIPAL GREAT TELESCOPES OF THE VVDRID.

A. Reflecting Ttlticopet.

Owner, uiil PIbp«.

The Eiirl of Rosse, PursoiiBlown,
Irelund

Mr. A. A. Coniinoii, Ealing, Eng-
land

The Observatory of Melbourne,
Australia

The Observatory of Paris

The Earl of Rosse, Parsonstown,
Ireland

-Mrs. Henry Draper, Dobb'V Fer-
ry, New York '

The Observatory of Toulouse',
I

France
The Observatory of MarseilieV,

France

Conttructlan,< Aptrtun,

NowtonlaD. 6 feet.

N'owt., S.G. 87 In.

Cassegr. 4 feet.

Nowt,, S. G. 47 in.

Newtonian. 3 feet.

Cass., S. G. 28 in.

S.G. 31.6 in.

S.G. 31,6 in.

Maker, uiil D*U,

Ettrl of R., 1844.

( The owner and Mr.
\ Calver.

Mr. Grubb, 1870.

( M. Martin and M.
\ Eichens, 1875.

The owner.

The owner.

M. Foucault.

j M. Foucault and if
\ Eichens.

B, Jiefractiiiff Telescopes.

Owner, tod Pltc*.

The Lick Observatory of California

The Observatory of Nice, France

The Imperial Observatory, Pulkowa, Russia. .

,

The Imperial Observatory, Vienna

U. S. Naval Observatory, Washington

The University of Virginia

Mr. R. S. Newall, Gateshead, England

The Observatory of Strasburg, Geinmny I ig

The Observatory of Ciiiengo

Mr. Van der Zee, Buffalo, New York
The Observatory of Harvard College, Cam-"

bridge. Mass

Mailer, and Date.

j A. Chirk and Sons,

( 1887.

The Henrys, 1886.

( A. Clark and Sons,

I 1883.
Mr. Grubb, 1881.

j A. Clark and Son.«

/ 1873.

J A. Clark and Sons,
^ 1881.

j T. Cooke and Sons,

( 1870.

Merz and Miihlor.

( A. Clark and Sons,

i 1862.

Mr. Fitz, of N. Y.
( Merz and Miihlcr,

1 1843.

120 ^VG%tnir,"th„M^^'"-'?'^"-*'V'''
Cassegraiuian construction, described on page120. S. G. signifles that the mirror is of silvered glass.
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i.

4)

Owner, und Place,

The Royal Obaervatory, Pulkowa, Russia

Mr. William IIu<;gina, London, England*
Lord Lindsay, Aberdeen, Scotland
The Observatory of Lisbon, Portugal
The Observatory, Markree Castle, England
Hamilton College, Clinton, New York
The Paris Observatoryf
The Allegheny Observatory, Pennsylvania
Mr. L. M. Rutherfurd, New York
The Dudley Observatory, Albany, New York

The Royal Observatorv, Greenwich, Ens- )

landt : ,,.... \

Michigan University, Ann Arbor

Vassar College, Poughkeepsie, New York

The Physical Observatory, Oxford, England

The Imperial Observatory, Vienna

Tlie Cambridge Observatory, England
The Royal Observatory, Dublin
Professor Henry Draper, Dobbs Ferrv, New )

York
f

J'he Pritchett Institute, Glasgow, Missouri

Mr. S. V. White, Brooklyn, Now York
The Radcliffe Observatory, Oxford, England.. .

.

The Lick Observatory, San Jos6, California
The Observatory, Bothkamp, Germany
The Observatory, Cordova, South America
The Observatory, Munich, Germany
The Observatory, Copenhagen, Denmark
The Observatory of Cincinnati, Ohio
Middletown University, Connecticut

Aperture.

15 in.

15 in.

15 in.

14.8 in.

14 in.

ia.5 in.

13 in.

13 in.

13 in.

13 in.

12.5 in.

12.5 in.

12.3 in.

12.2 in.

12 in.

12 in.

12 in.

12 in.

12 in.

12 in.

12 in.

12 in.

11.7 in.

11.2 in.

11 in.

11 in.

11 in.

11 in.

Maker, and Date.

j Merz and Mahler,

I
184(1.

Mr. Grubb.
Mr. Grubb.
Merz and Mahler.

Mr. Spencer.

M. Eiehens.

The owner.

Mr. Fitz, of N. Y.
' Merz and Sons,

18 GO.
' Troughton and

Simms.
Mr. Fitz, of X. Y.

i Mr. Fitz, of N. Y.

\ A. Clark and Sons.

Mr. Grubl).

j A. Clark and Sons,

I
187(1.

M. Cauchoix.

M. Cauclioix.

\ A. Clark and Sons,

1 187fi.

i A. Clark and Sons,

i 187ti.

A. Clark and Sons.

M. Cauchoix.
A. Clark and Sons.

Schroeder.

Mr. Fitz, of N. Y.
Merz.

Merz.

Merz.

A. Clark and Sons.

Besides these, the following throe telescopes are projected : a 28-iuch re-

fractor for the Greenwich Observatory, by Gruhb, of Dublin; a great re-

fractor for the Paris Observatory, to be figured by the brothers Henry, of

Paris ; a refractor of 28 inches for Yale College, by A. Clark and Sous.

• This telescope belongs to the Royal Society, but is in pcssesBiou of Mr. Ilnggius.

t The object-glass is au old one, but the mounting is new, by Eiehens.

t The object-glass Is by Mera, of Munich, the raountiug by Troughton and Simms,
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kcr, and Dato.

IT.

LIST OF THE MORE REMARKABLE DOUBLE STARS.
COMl'lLLD BY S. W. BURNHAM.

Name, Risht Ascen.

ISSU.

•35 Pisclum

38 "

42 "

>1 "

tj Cassiopeffi. .

.

36 Andromeda;.

^ Piscium . . .

.

42Ceti
Polaris

£ Sculptoris.

a Piscium .

.

y Andromeda;

.

TrianguH..

t Cassiopeaj.

84Ccti..

y Ceti...

6 Arietis.

? Pcrsci

£ Persei . ,

.

3'JEridani.

<p Tauri . .

.

fj
Orionis .

.

/3 " ..

23 " .

.

^Orionis
1 1 Monocerotis,

J. M. s.

8 47

11 13

16 13

26 12

S3 30

41 43
48 32

' 1 14

13 41

13 45
40 1

65 50l

»6 32

5 25
19 10

35 4

37 6

52 21

Declination

1H80.

Positi't]

8 9

8 12

12 49

6 18

149.8

"37.6

338.0

82.3

20 47 192.7

57 11

22 59
23 57
-1 8

88 40
-25 39

2 11

41 45

29 45
66 52

-1
2

3 46 35 31 32

49 48
4 8 41

12 58
5 7 1

8 46
16 32
18 27
28 32

29 23

32 43

34 42
6 23

20 52

39 40
-10 33

27
2

-8
3

-2

4

43
20

26

30
9 51

-5 28

-2 40

140.0

358.9

227.5

351.4

210.1

69.6

322.2

62.4

80.5

265.1

107.3

324.7

289.:

201.9

207.6

9.2

153.7

245.5

63.4

198.8

28.1

83.8

40.3

DIatance.

11.53

4.59

29.73

27.42

6.37

Magnitudes.

5.86

1.34

7.98

1.25

18.27

5.53

3.12

10.33

6.2

7.0

6.8

5.0

5.0

4.0

6.2

4.7

6.2

2.0

6.0

2.8

3.0

3.6b 5.0

2.01

7.62

4.63

2.67

1.26

12.47

8.81

6.26

53.78|5.0

4.2

i

6.0

3.0

5.7

3.1

6.0

7.05

9.14

31.71

1.11

4.23

4.7

1.0

5.0

4.(t

4.0

-2

-6 57

59 34

236.5

84.5

151.3

130.0

101.7

163.7

304.2

/^g (White, 2. Pale-white:

( violet, Smyth.
8.0

10.7

9.0

8.2

7.6

green,( Yellow: blue

\ IIer(,cliei.
"

White: asliy.

Yellow :

'

deep - red,

Dcmbowski.
Yellow : purple

6.8 Binary, 349.1 years.
10.1

7.2

9.0

10,0

3.9

6.0

6.4

7.1

I

9,2

6,8

6,0

White: blue.

B

.1

9.8

8,3

9,1

8,0

8,5

8,0

7,0

5,0

6,0

White : dull red.

Yellow : blue,

again double, 0",5,

Yellow : blue,

A and B.
\

A and C, j"

Yellow : ashy.

Yellow : blue.

Binary.

( Light - green : ashy.

\ Other small stars

( in the field.

Pale-white : lilac.

Yellow : Ijiue,

Red : bluish.

Yellow: blue.

11.00

12.86

2.55

7.25

2.46

1.53

.67|

4.1
J

2.0

5.0

10.3
'.5

5.7

5.5

,0

6.1

,4

Discovered by Dawes.
Yellow : purple.

Sextuple. In the great
nebula of Orion.

A and B.
\A and C.
)

Yellow
: light-purple.

A and B,
^

B ami C.
f

A and B,
)

|A and C, \ I

i

i
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Nune.
Rlltht Aicen.

ISHO.

Declination

1880.

Poiiti'n
Dlitance. Mttpiltndei. N

H, M. S. ' ff

56 Aurigae 38 6 43 42 17.1 55.38 6,0 9.0 White: blue.

ft Canis Maj. .

.

60 36 -13 53 34 3.5 3.22 4.7 8.0

S Geminorum

.

1 12 57 22 12 196.9 7.14 3.2 8.2

Castor 26 67 32 9 239.3 5,49 2.7 3.7

5 Navis 42 19 -11 54 17.5 3.32 5.3 7.4

m Cancrl 8 5 19 18 1 130.1 0.74 5.0 5.7 A and B. )

A and C. S
• > • • • • • 132.0 5,48 6.5

38 Lyncis 9 11 23 37 19 240.2 2.69 4.0 6.7

y Lconis 10 18 20 20 27 111.2 3,18 2.0 3.5 Yellow : greenish.

35 Sextantis . . 37 7 5 23 240.5 6.72 6.1 7.2 Yellow: blue.

S Ursae Maj. .

.

11 11 48 32 13 317.6 1.09 4.0 4.9 Binary.

65 Ursic Maj.

.

48 61 47 9 36.4 3.71 6.0 8.3 Yellow : blue.

C Coma) 58 8 22 8 240.6 3.73 6.0 7.5 ti ii

24 " 12 29 6 19 2 271.9 20.42 4.7 6.2 (( ((

y VirgiiiM .... 35 36 -0 47 159.3 4.77 3.0 3.0 Binary.

35 Coma) 47 23 21 54 25.3 1,43 5.0 7.8 A and B.
}

A and C.
j

• • * > 124.7 28.60 9.0

84 Virginia . .

.

13 37 2 4 9 235.3 3.39 5.8 8.2 Yellow : blue.

S Bootis 14 35 25 14 15 303.2 1.02 3.5 3.9

« " 39 45 27 35 320.6 2.63 3.0 6.3 Yellow : blue or green.

K " 45 61 19 36 301.6 5.44 4.7 6.6 Yellow: reddish purple.

44 " 59 51 48 7 239.8 4.80 5.2 6.1 Yellowish : bluish.

;« " 15 19 58 37 48 171.9 108.46 4.0 A and B. | Binary

B and C, y
• • • • * • • t 141.9 0.69 6.7 7.3

d Serpentis . .

.

29 5 10 56 196.9 2.56 3.0 4.0 Binary,

S Libra) 57 46 -11 3 173.1 1.06 4.9 6,2 A anil B. ) Binary,

A and C. \• • • • > • > 70.3 7.06 7.2

Antares 16 22 2 -26 10 268.7 3,46 1.0 7.0 Red : green.

36 Ophiuchi .

.

17 7 59 -26 25 227.3 5.65 6.0 6.0

a Herculis 9 10 14 32 118.5 4.65 3.0 6.1 Yellow : emerald.

p " .... 19 33 37 15 307.2 3.60 4.0 5.1

70 Ophiuchi .

.

59 23 2 33 83.7 3.48 4.1 6.1 Yellow : purple. Binary.

e' Lvnc 18 40 22 39 33 26,0 3.03 4.6 6.3

\e" "" 40 24 39 29 155.2 2.57 4.9 6.2

^ 40 38 37 29 149.7 43.71 4.2 5.5

i3Cygni 19 25 53 27 42 55.7 34.29 3.0 6.3 Golden yellow : blue.

^Sagitta) 43 39 18 51 312.8 8.49 5.7 8.8 Light-green: blue.

£ Draconis .... 48 34 69 58 354.5 2.79 4.0 7.6 Yellow : blue.

eSagitta; 20 4 39 20 33 326.7 11.40 6.0 8.3

49 Cygni 36 11 31 53 49.4 2.74 6,0 8,1 Yellow: blue.

£ Equulci 53 5 3 50 283.9 0,06 5.2 6,2 A and B, |

A, B, and C.
)

• • t • • • • .76.2 10.83 7.1

12 Aquarii 67 44 -6 18 189.6 2.66 5.6 7.7 Yellowish : blue.

61 Cygni 21 1 14 38 8 115.6 19.55 5.3 6.9

/3 Ceplici 27 6 70 2 250.0 13.57 3,0 8,0 Light-green: blue.

41 Aquarii.. .

.

22 1 40 -21 40 119.4 4.08 6,0 8.6 Yellow: blue.

53 " .... 20 3 -17 21 304.5 8.20 6,0 6.3 White : yellow.

: " .... 22 39 -0 38 334.5 3.40 4.0 4.1 Binary.

^ " 23 9 35 -9 44 312.2 49.63 4,5 8,5 Yellow: blue.

ff Cassiopea) .

.

62 66 55 5 323,4 3.01 5,4 7.6 White: blue.

Note, -The sign mintts (-) before decliuntions means south; without the sigu, it is
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lout the sigu, it is

III.

LIST OF THE MORE INTERESTIXG AND REMARKABLE NEBULA ANB
STAR CLUSTERS.

Object.

47 Toucani cluster

Groat nebula of Andromeda

.

Nebula

Tempel's variable nebula. . .

.

Hind's variable nebula

Globular cluster

Great nebula of Orion

Chacornac's variable nebula.

Nebula around £ Orionis . , .

.

Looped nebula

Cluster and nebula Mess. 40

.

Star cluster

" Mess. 07....!..
Planetary nebula

Nebula

Planetary nebula

.

Spiral nebula

.

Nebula.

Star cluster

Bifid nebula

Cluster around w Centauri

Spiral or ring nebula

Spiral nebula

Cluster.

R. A.

H. M.

19

30

42

3 29

9

9

10

10

11

12

12

12

18

45

2

19

8

13

17

34

12 30

13

13

13

13

13

7

18

20

25

30

13 32

13 37

Dec. 1880.

3 39

4 16

5 9

5 10

5 29

5 30

5 30

5 39

7 30

7 48

8 45

9 11

72 45 «.

40 37 N.

25 57 S.

32 H.

23 N.

14 N.

&5S.

11 S.

29 S.

8N.
17 S.

10 S.

14 32 S.

38 13 S.

15 N.

7S.

47 S.

38 X.

CI S.

2S.

40 N.

5 X.

29 X.

10 57 S.

33 12 X,

18 48 X,

42 23 S.

40 41 S.

47 49 N.

29 10 S.

17 10 S.

28 59 N.

30

23

19

08

40

6

21

1

09

12

30

57

09

39

18

55

15

10

f 1

I'
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^
• 1:,^ J

Object.

Cluster

Resolvable nebula

Great Cluster of Ilerculcs

Cluster
It

II

Small annular nebula. ...
II II II

Cluster

Tilfid nebula

Nebulous cluster

Hooked nebula

Cluster

Annular nebula of Lyra. .

.

Variable nebula

Dumb-bell nebula

Small annular nebula

Planetary nebula

Nebula around k Cj-gni . .

.

Planetary nebula

Cluster
II

Blue planetary nebula

n. A ISSO.

H. M.

16 12

15 38

10 10

Ifi 37

1(1 41

16 51

16 52

16 54

17 14

17 22

17 31

17 55

17 57

18 14

18 29

18 49

19 5

19 54

20 11

20 17

20 40

20 58

21 27

21 34

23 20

1
Dec. IhWi.

o t

2 33 N.

37 23 S.

22 41 S.

36 42 N.

1 44 S.

3 54 S.

44 29 S.

29 56 S.

38 21 S.

23 39 S.

3 10 S.

23 2S.

24 21 S.

16 13 S.

24 OS.

32 53 N.

50 N.

22 24 N.

30 12 N.

19 44 N.

30 17 N.

11 50 S.

I 22 S.

23 43 S.

41 53 N.

To facilitate the finding of the above uebulse and clusters, their posi'

tioDs are marked ou the star-maps -with small circles.
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^

Dec. IBDO.

o t

2 33 N.

37 23 S.

22 41 S.

36 42 N.

1 44 S.

3 64 S.

44 29 8.

29 56 S.

38 21 S.

23 39 S.

3 10 s.

23 2 S.

24 21 S.

16 13 S.

24 OS.

32 53 N.

50 N.

22 24 N.

30 12 N.

19 44 N.

30 17 X.

11 50 S.

I 22 S.

23 43 S.

41 53 N.
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VI.

ELEMENTS OF THE SMALL PLANETS.

COMPILKD BY D. P. TODD.

S\ga and Name.

1

Disco .iTcr.
si
ii
«o

2.98

3.43

3.35

2.57

3.00

2.92

2.94

2.M

2.08

3.40

2.70

2.84

2.80

3.01

3.14

3.33

2.79

2.80

2.83

2.75

2.83

3 90

1 1

^1 |i;

Yra.

4.01

4.02

4.30

3.03

4.14

3.78

3.09

3.27

3.69

5.68

3.84

3.67

414
4.17

4.30

4.99

3.89

3.48

3.82

3.74

3.80

4.90

4.27

5.60

3.72

4.33

3.00

'4.03

4.0'J

|3.«4

a

.3^

1
OS

3
a ^

J! 3

(1) Ceres

(2) Pallas

(3) Juno

(4) Vesia

(5) Astrcea

(6) Hebe

'7) Ml
(S) I'hra

(9) MtHf"

1801

1S02

1804

1807

1S45

1S47

1S47

1847

1848

1849

1350

1850

1S50

1851

1861

1852

1852

1852

1852

1852

1852

1852

1852

1S53

1883

1853

1863

1864

1854

1864

Plazzi 2.50

2.11

1.98

2.15

2.10

1.03

1.83

1.80

2.09

2.80

2.21

1.82

2.35

2.17

2.15

2.62

2.15

1.80

2.05

2.06

2.04

2.02

2.02

2.76

1.79

2.42

1.94

2.36

2.34

2.00

It

770.2

768.9

814.1

977.8

856.9

939.9

902.6

1086.3

902.3

030.4

924.0

994.8

S87.9

851.0

825.4

710.8

912.4

1020.1

930.1

943.9

933.0

715.2

832.4

639.0

964.2

819.7

980.7

7g0.0

809.0

U75.4

0.077

0.238

0.287

0.039

0.180

0.203

0.231

0.160

0.123

0.109

0.100

0.219

0.087

0.103

0.187

0.139

0.129

0.213

0.159

0.143

0.102

0.101

0.231

0.124

0.285

0.087

0.174

0.1.53

0.074

0.127

o

160.0

122.0

64.9

2^0.9

134.9

15.2

41.4

32.9

71.1

238.3

317.9

301.

7

120.2

180.3

27.9

15.1

261.3

15.1

31.1

99.1

327.1

59.9

123.3

144.1

302.8

230.4

88.0

122.4

60.4

32.1

80.8

172.8

170.9

103.5

141,6

138.7

259.8

110.3

OS. 5

285.5

125.2

235.6

43.2

so.s

293.9

150.0

125,4

150.1

211.5

200.0

80.5

00.0

67.7

35.8

214.2

45.9

93.9

144.7

350.Y

308.1

10.0

34.7

13.0

7.1

6.3

14.8

6.5

5.9

6.«

3.8

4.0

8.4

10.5

9.1

11.7

3.1

6.0

10,2

1..,')

0.7

3.1

13.7

10.2

0.8

21,6

3.0

1.0

9.4

0.1

2.1

2,"(;'.i 1

2.771
1

2.(!i;s
1

2.301

2.579

2.4'.'4
;

2.3-0

2.-2(ll

2.3S7

3.14-t

2.4S2

2.334

ixca
j

2.KI1

2.C44 \

2.921

2.4T;'.

2.'J'.ii''

2.44J

2.41 i;i
!

2.435

2.90!)

2.029

3.135

2.40*)

2.650

2.347

2.777

2.525

2.3C5

Olbei'H

Ilariliiig

Olbers

Ileuckc

Hcuclce

Uiud

Iliiul

Gnihnm
Ua^piiris

Gasparis

Iliiiil

(10) Uygcia

(11) Parlhenope .

(12) Victoria

(13) Egeria

(14)Iieuc

(15) Eunoiuia....

(16) Psyche

(17) Thetis

(18) Melpomene..

(19) Porluna

(20) Massalia ....

(21) Liitetia

(22) Ca'-liope

(2.3) Thalia

(24) Themis

(25)Phoc(ea

(20) Proserpine .

.

(27) Euterpe

(28) Belloiia

(29) Amphitiite..

(30) Urauia

Gasparis

Uiud

Gasparls

Gasparis

Luther

Iliiul

Hind
Gasparis

Goldschniidl..

.

Hind
Iliud 3.24

3.62

3.01

2.89

2.70

3.20

Gasparls

Chacornac.—
Tjuther

Hind
Luther

Marth

Hiud

'2.71

2.C0
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o

80,8

n!d.s

1T0.9

103.5

141.5

138.7

My. 8

UO.B

OS. 6

285.5

128.2

235.C

43.2

80.S

293.9

150.0

125,4

150.1

211.5

200.0

80.5

00.6

CT.7

35.8

214.2

45.9

93.9

144.7

350.V

30S.1

o

10.0

34.7

13.0

7.1

6.3

14.8

6.5

5.9

6.«

3.8

4.0

8.4

10.5

y.i

11.7

3.1

6.0

10,2

1.5

2.7(111

2.771
j

2.(;(>S
I

2.301
I

2.579

2.4i4
I

2.3^(•|

'

2.-201

2.3S7

3.1+t

2.45i

2.334

2.577 i

2.5!n i

2.C44 \

2.9-21 1

2.4T:!

0.7

3.1

2.41 1'.i

2.435

13.7 2.909

10.2 2.029

0.8 3.130

21.6 2.40*)

3.6 2.650

1.0 2.347

9.4 2.777

0.1 2.525

Sljfn anil Niune.

(31)Eu|)hro8yno.

(32)Poiuonn

m Polyhymnia
(34)Circo

(38) Leucothea.

.

(36) Atalnnta ....

(37) Fides

(3S)Lefln

(39) Laetitiii

(40) Ilarmonia...

1S.'54

1S54

1S54

1866

1S5,^

IS-W

1855

1S60

1850

18.")0

DiKOTefer.

Fergntioii

QolilBchinldt.

.

Cliacornac

Chacornac

Liither

(41) Dnpline
I i.sso

(42)I.Mis

(43) Ariadne..

(44)Nysa

(48) Eiigeuia..

(4e)ne.«tia...

(47)AglHia...

(48) Doris....

(49) Pales. . .

.

(50) Virginia.

(61) Ncniaiisa..

(52) Europa . . .

.

(53) Calypso . .

.

(54) Alexandra.

(56) Pandora...

(56)Melete

(57) Mnemosyne
(58) Concordia.

.

,

(59)Elpis

(60) Echo

(Ol)Danau

(62) Erato

(63) Ansonia....

(04) Angelina...

(08)Cybele

Ooldschmidt

Luther

Chacornac...

Chacornac

Ooldschmidt...

Goldschnildt,

1S56 Pogaon
1857 Pogson

18.57 Ooldschmidt.

1867 Ooldschmidt.

1857 Pogson
J2.94

1867 Lnther

1867 Ooldschmidt.

1S57 Ooldschmidt.

1857 Ferguson

1S.5S Laurent
1-^58 Ooldschmidt
1858 Luther

1 3.15
18.58 Ooldschmidt... 3,26
1858 Searle

1857 Ooldschmidt
1859 Luther

f'OO Luther

ISCO Chacornac

1800 Ferguson

a

20,8 S.14S

8.6 2.887

1.9 2.861

8.4 it.686

8.2 1994

2.1
,

2.305 I

(60) Maia

(07) Asia

(68)Leto

(69) Ilesperia .

.

(70) Panopaea..

(71)Niol)e... .

(72) Peronia . .

.

(73>Clytia.....

(74) Galatea....

(75) Eurydice . .

,

ISGO

18C0

1861

1801

1801

ISOl

1861

1801

1801

1801

isei

1801

1802

1802

1862

Ooldschmidt

Foerster

Oasparis

Tempel..

Terapel

Tattle

Pogson
Luther,

Schiaparelli....

Ooldschmidt...

Lnther.

Peters

Tuttle

Tempel
Peters

i , I

'11

ii'i
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w'f*

Sli^ ftiid Ntune.

(T«) Frein

(TT) Krlj.-u

(78) Dlnim

(70) KiiryiiDiiio.

(80) aupplio

(81) Ttrpsirhore

(82) Alcmeiio . ..

(83) Ucaliix

(84) Clio

(85) lo

(8(1) Semt'Ic ISOO

(Si) Sylvia isfifl

(88) Thisbo ISCO

(89) Julia 1800

(«<i) Aiitiope... 1800

1802

180'2

18(1H

18,-,!)

1804

1 >iiK;uv()rer

D'Arrest

.

relors.

.

liiitlter

,

Watson ,

I'ogsor,

.

1804 Temple..

1SU4
I

liiilher...

180.')
I
ClaeipariH.

1806 I Luther. ..

1806 i Peters...

O'l) JEg\nti....

(OH) Uiulinn...

(»3) Miuofva...

(1)4) Aurora...,

(96) Arethusa..

(90) ^Eglo...

(97) Clotho .

(98) Imitho .

(99) Dike...

(lUO) Hekatu.

(lOl)Uelenn

(10;i) Miriai.i

(1»(3) ITcm
(ll>4>r]ymcne...

(108) Artemis

—

(loe)Dioiie...,

(107) Camilla.,

(108) Hecuba..

(109) Felicitfts ,

(llO)Lydift...

(111) Ate

(112) Iphifienia .

(113) Auialthea

.

(114) Cassandra.

(116) Thyra

(116)8ironft...,

(117) Loiriia...,

(118)Peitlio...

(119) AlthHja..

(120\I<ache8i«.

1800

1807

1807

1807

1807

1808

180S

1808

18'J8

1808

1808

1808

1808

1808

1S08

1808

1808

1809

1809

1870

1870

1870

1871

1871

1871

18T1

1871

1S72

187-2

1872

it

4.00

8.03

3.10

2.92

2.70

Tieijon

rogsoii

Puterc.

Stephaii

Luther

Stcphau .

.

Peters

Watson
\Vat8on

Luther,

Coggia

Tenipe!

Peters^

liorelly

Watsou

Watson

Peter»

Watson
Watson

Watsou

Waison

Pogsou

Luther .

Peters

Borelly

Peters

Peters.

.

Luther

Peters

Watson

Peterp

Borelly

Luther

Watson

Borellv
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J si J

o

Jj

o

2.9 2x2.2 2.0 3 409

0.4 2.0 2.ri 2,fiT2

1.8 8.14,1 S.fl 2.fi'.'3

4.4 200.7 4.0 2.414

o.a 21S.7 8.0 2.'Jor.

AT 2.7 7.9 2..s,'-,a

,

2.4 27.0 2.0 2.706
!

1.8 'i'.ti B.O 2.J,'!0

si.a :;27..'i 9.4 2.HC3 i

2.0 2U3.0 11.9 2.C64

9.7 88.1 4.S 3.112

B.4 7t!.l ia9 3.4^2

9.8 277.6 B.2 2.T(;9

:!.4 811.7 10.2 2.5.M

1.1 71.4 2.3 8.145
j

o.a 11.1 2.1 2.rjS9

0.8 102.9 9.9 3.1b7
1

4.T B.l s.o 2.754
j

G.O 4.0 S.I 3.ii;;;
|

tl.2 244.3 12.9 3.070

)8.2 822.8 16.1 3.050

6,0 100.7 11.8 '.i.OCiS

17.0 ir,iA 15.0 2.0S9
1

lO.O 41.7 n.9 2.7"-

J7.7 12S.2 6.4 a.U'j:'

27.4 343.7 10.2 2.5>4
'

S4.C 212.0 B.l 2,0«'>

21.0 iao.3 B.4 2.701

5S.2 44.0 2.9 3.14!)

12.S 1SS.0 21.B 2.374

27.0 63.4 4.0 3.1CII

12.8 17,').7 9.8 ^.50(1

ii.r> 302.4 4.4 3.21-.'

56.0 4.9 8.0 2.C'J5

36.8 57.2 6.0 2.738

)S.7 30C.2 4 9 2.rv.:8

38.2 324.0 2.C 2.433

J8.T 123.2 5.0 2.37C

53.1 104.4 4.9 2.070

43.0 309.1 n.o 2.3;'J

52.S 64.4 3.0 2.707

4S.S 349.6 15.0 2.9'Jl

77.6 47.5 7.S 2.43S

12.4 204.0 5.S 2.5SII

14.0 342.9 7.0 3.V21

Sign toa Nwnt.

(lai)Hcrmiouo.,

(122)Oer(l(i

(123)IIiuiilill(la.,

(124) Alcewto

<I2B) Liborntrix

(126)VcIledn... ,

(127) Ji)haiiiia....

(128) NemuBic. .

.

(129) AiitiKdiie...

(l80)Eluctrii...

^1

(131)Viilrt

(132) .^t hill

(13.3)C'}rciie....

(134)S()i)hro8ylie.

(135) Ilcitlm

(130) Atistilii.

.

(137) McliluL'ii.

(138)Tolonii...

(139) Jiicwu...,

(140)Siwil

(141) Liiineii..

(142)P(.lmia..

(143) Ailrin....

(144) Vibiliii...

(145) Adcoim .

(140) Liicinft .

.

(147) Protogeiiela

(I48)anllin....

(149) Mediisn .

.

(150) Nawa. . .

.

(161) Abmidaiitia.

(lB2)Atala

(163) Hilda

(164) Bertha....

(IBB) Scylla ....

1S72

1872

1872

1872

1872

1872

I.Ti

^72
1873

1873

1S73

1873

1873

1878

1874

1874

1874

1S74

1S74

1874

1875

1876

1876

1875

1875

1875

1875

1875

1875

1S76

I)Urov

Watson

I'ettTH

ToterB

Peters .

Prosper Ileury.

Paul Ilcniy

I'rospcr Henry,

Wotson

Pctoi-s

Peters

1^

- c
n
a

Peters...

Watson..

Watson..

Luther .

.

Peters. .

.

Palisu...

Palisa...

Perrotin.

Watson..

Palisa. .

.

Panl Henry.

Palisa

Palisa

Peters

Peters

Borelly

Schulhof.

Prosper Ucury.

Perrotin

Watson

(166) Xantliippe.

(167) Dejaniia...,

(158) Coroiiis . . .

.

(169) Emilia... .

(ICO) Una

(161)Athor

(162) Lauren tia

.

(163)Erigone...

(164) Eva
(105) Loreley ...

1875

1876

1875

1875

1875

1S7B

1875

1S76

1876

1876

1876

1876

1S76

1876

1870

Palisa

Paul Henry....

Palisa

Prosper Henry.

Palisa

Palisa

Borelly

Knorre
Paul ilenry.,

Peters

Watson

Prosper Henry.

Perrotin

Paul Henry....

Peters

3. 89

;i.34

3.02

2,83

2.96

2,70

2.94

3.10

3.47

3.77

2,02

8. 51)

3.4S

2. 87

2.93

2.48

3.78

2.85

3.27

3.32

3.23

2.74

2.96

3.27

3.00

2.91

3.22

3.28

2.39

3.37

2.68

3.41

4.03

3.40

3. GO

3.S4

3.13

3.02

3.45

2.90

3.02

3 na

2.37

2.4.'J

2.63

2.18

2.59

2.40

2.28

2.47

2.22

1.00

2,03

2,20

1,93

2.09

2,48

2,06

2,29

2,14

2.10

2.10

2.60

2.03

2.33

J^8

661.0

016,6

801.8

882.0

780.7

931.0

77.'5.3

777.5

727.2

642,9

942.3

846.4

063.6

804.6

938.1

1020.4

041.9

920

705,8

7S0.1

li

Yri,

0,43

6.70

4.42

4.26

4.54

2.69

3.50

2.72

3,35

3,36

2,53

3,fH5

2.26

1.88

2.59

2.50

2.86

3.27

2.92

2.17

2.24

2.04

2.72

'i.77

2.60

814.6

942.9

773.0

821,3

815.4

2.05

2.49

1.99

1,72

2,89

789.9

038.7

709.5

1139.2

089,3

850.7

039.0

461.0

622.4

713.>

070.2

854.8

730.6

647,7

787.2

970.0

673.1

981.1

829.7

042.1

3.81

4.58

4.60

4.88

5,52

.3,77

4,19

6.SB

4.10

3.78

8,40

6,63

.'i.o3

4.03

4.61

4.30

3,70

4,59

4,!i2

4.35

4.49

5.55

4.01

.3.11

6.15

4.17

5.55

7.86

5.70

4.97

B.29

4.16

4,86

6,48

4.51

3,66

6.27

3.62

4.28

15.63

I
a

_L
0.1 2B

0.040

0.122

0,077

0.077

0.107

0.007

0.128

0.208

0.208

0.081

0.383

0.14(»

O.llS

0.205

0.084

0.208

0.102

0.177

0.217

0.211

0.132

0.073

0.236

0.120

0.070

0.020

0.185

0.119

0.131

0.0.36

0.087

0.172

0.084

0.250

0.204

0.211

0.053

0,110

0.002

0.136

0.177

0.160

0.347

0.070

368.8

2(«.5

70.0

244.8

272.9

.347.8

120.0

10.8

241.8

20.6

25T.9

162,6

247,2

07,5

819.9

316.1

.30,8.0

311.4

164,0

300.3

13.9

219.9

2-.'2.5

7.2

118.5

210,1

2\0

. I

24C.7

367.1

107.3

84.9

28!5.8

184.4

82,0

156.0

107.4

."iS.O

101.3

66.0

313.3

146,8

93.8

359.0

2T7.0

.3
"3

70,8

178.7

308.6

188.4

109.6

23.1

31.8

70.6

137.9

140.0

06.3

2.'i9.7

321.1

340.4

343.9

180.1

204,4

54.8

2.4

107.1

319.1

292.3

333,7

70.8

77.7

84.2

251.2

11.').2

100.1

207.6

T.fl

1.0

6.4

2.9

4.6

• 2.9

8.3

0.3

12.2

22.9

4,0

24.9

7.2

11.6

2.3

0,6

13,4

3.2

11.0

3.2

12.0

2,2

11,5

4,8

12.3

38.9

41.6

228.3

37.7

42.9

240.2

62,5

281.2

136.2

9.4

18.6

38.2

159.1

77,6

304.1

13.2

1.9

25.4

11

2.1

6.6

12.2

7.9

21.0

14.1

7.6

12.0

1.0

6.1

3.9

9.2

6.2

4,7

24.4

11.2

8.469

8. 2 Ml

2.095

2.630

2.744

2.440

2,756

2.761

2.870

3.123

2.420

2.0O0

8.0.58

2,5(i3

2.428

2.2S8

3.120

2.449

2.779

2.731

2.007

2,419

2,702

2.053

2.605

2.722

8,137

2.770

2.1.33

2.981

2.591

3.130

3.952

3.191

2.913

3.03^

2.683

2.808

3.107

2.729

2.374

3.029

2.356

2.035

3.120

"I
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Sign and Nune.

(166) Rhodope
(16T)Uida

(168) Sibylla

(169)Zelia

(170) Maria

(171) Ophelia

(172)Bimci8

(173) luo

(174) Piisedra

(175) Andromache,

(17C) Idunna

(177) Irnia

(178) Belisann

(179) Clytemnestra

(180) Giirumna....

(181)Etichnrl8....

(182) Elan

(183)l9tm

(184)Deiopea

(185) Eunice

(186)Celuta

(187) Lamljerta . .

.

(188) Menippe ....

(189) Phthia

(190) Ismene

(191)Colga

(192) Nnusicaa

(193) Ambrosia....

(194) Proline..*....

(195)Euryclea....

(196) Philomela...

(197) Arete

(198) Ampella

(199)Bybli8

(200) Dyuameue .

.

(201) Penelope

(202) Chryseis

(203) Pompeia ....

(204) CalliBto

(205)

(206)HersiIia

(207)

(208)

(209) Dido

(210)

1876

1876

1876

1870

1877

1877

1G77

1877

1877

1877

1877

1877

1877

1877

1878

DlMOTerer.

Peters

Peters

Watson
Prosper Ueury
Perrotin

Borelly

Borelly

Borelly

Watson
Watson

Peters

Paul Henry.

Palisa

Watson
Perrotin....

1878 Cottenot.

Palisa

.

Pnllsa

.

Palisa.

Peters.

Prosper Henry
Coggia

Peters

Peters

Peters

Peters..

Palisa .

.

Coggia

.

Peters .

.

Palisa .

.

1878

1S78

1S78

1S7S

1S78

1878

1878

1878

1878

1S78

1879

1879

1379

1879

1879

1879

1879

1879

1879

1870

1879

1879

1879

1879

1879

1879

1879

1879

1879
' Palisa

.

Peters . . . .

.

Palisa

Borelly . . .

.

Peters

Peters

Palisa

.

Peters

.

Peters

.

Palisa

.

Palisa

.

Peters....

Palisa....

Palisa . . .

,

Peters . . .

,

IS

3.27

4.22

3.62

2.6T

2.72

3.B1

2.65

3.31

3.29

4.72

3.71

3.40

2.60

3.30

3.19

3.81

2.87

3.79

3.42

3.09

2.72

3.38

3.43

2.54

4.67

3.13

2.99

3.31

3.24

3.14

3.10

3.20

3.01

8.72

3.10

3.16

3.38

2.90

3.14

2.88

2.35

3.02

3.35

3.12

- g

Jl
o

2.12

2.22

3.14

2.05

2.39

2.79

2.11

2.18

2.43

2.28

2.67

2.12

2.32

2.65

2.26

2.43

1.97

1.82

2.96

2.39

2.01

2.10

2.21

2.30

3.30

2.05

1.81

1.84

2.00

2.61

8.07

2.29

1.90

2.69

2.37

2.19

2.79

2.58

2.20

2. 68

2.22

2.72

2.93

2.37

"a
=

803.0

614.5

670.0

978.5

808.

8

635.5

900.4

780.2

732.1

641.0

622.6

774.7

920.1

692.2

7S7.4

C44.0

944.0

756.4

623.3

783.1

977.1

782.4

748.8

925.0

454.1

722.5

952.6

868.3

836.9

728.9

653.8

781.0

922.9

618.2

783.3

809.9

665.0

782.8

812.0

766.7

1027.4

729.1

037.

1

780.0

Yn.

4.42

R77

6.22

3.63

4.08

6.R8

3.07

4.66

4.86

6.66

6.70

4.68

3.86

6.13

4.51

551

3.76

4.69

6.69

4.63

3.63

4.63

4.74

3.84

7.81

4.91

3.72

4.13

4.24

4.87

6.43

4.64

3.84

6.74

4.63

4.38

S.42

4.63

4.37

4.63

8.45

4.87

6.57

4.56

•s

S

0.214

0.312

0.071

O.lBl

0.064

0.118

0.114

0.206

0.150

0.348

0.164

0.233

0.0158

0.109

0.170

0.220

0.186

0.362

0.073

0.127

0.151

0.235

0.217

0.036

0.161

0,082

0.246

0.285

0.237

0.092

0.006

0.165

0.226

0.162

0.1a3

0.182

0.097

0.069

0.176

0.030

0.030

0.061

0.007

0.136

80.9

82.7

13.0

320.9

95.8

143.6

328.6

13.6

2.>5a4

293.2

20.8

25.2

268.2

364.9

126.6

96.8

54.6

45.0

169.4

15.8

327.2

213.0

309.7

6.8

105.3

16.4

10.6

70.9

319.7

100.8

352.3

324.8

354.8

200.8

4S.0

334.6

127.7

43.4

257.6

21.9

217.7

233.2

269.3

66.7

•§.!6

O

129.0

170.1

209.8

354.0

301.3

101.2

331.9

14S,0

328.9

23.0

2012

349.0

50.7

253.3

315.0

144.8

106.6

142.8

330.3

153.8

14.0

22.3

241.8

203.4

177.0

159.9

343.3

351.2

159.4

8.4

73.5

82.1

208.8

90.4

325.4

157.1

137.8

348.6

206.7

212.2

28.9

7.S

2.0

32.8

12.0

17
4.6

5.5

14.4

2.6

10.0

14.2

12.2

3.8

22.5

1.4

1.9

7.8

0.9

18.6

2.0

26.5

1.2

23.3

13.2

10.

11.4

5.2

0.1

11.6

0.9

11.6

1S.4

7.3

7.3

8.8

9.3

1.^3

0.9

5.7

8.8

3.2

8.3

1.' '

3.8

20
7.2

5.2

9
^

2.693

3.219

3.384

2.36U

2.655

3.147

2.3S0

2.745

2.861

3.604

3.100

2.758

2.459

2.973

2.72S

3.119

2.417

2.802

3.188

2.738

2.363

2.740

2.821

2.450

3.938

2.889

2.403

2.670

2.C19

2.8T2

3. OSS

2.743

2.454

3.208

2.73S

2.677

3.084

2.739

2.673

2.777

2.2S6

2.872

.S.I 42

2.745



ELEMENTS OF THE SMALL PLANETS.

II

1=2

•3

s

1

9 i

^•1

o

30.9 129.0 12.0 2.693

82.7 no.i 1.7 3.219

13.0 209.8 4.6 3.384

2G.9 354.0 5.6 2.36U

95.8 301.3 14.4 2.655

43. C 101.2 2.6 3.147

2S.6 331.9 in.o 2.3S0

13.6 14S.0 14.2 2.745

Ra4 328.9 12.2 2.861

93.2 23.6 3.8 3.604

20.8 2012 22.6 8.190

25.2 349.0 1.4 2.758

68.

2

50.7 1.9 2.459

64.9 253.3 7.8 2.973

26.6 315.0 0.9 2. 728

96.8 144.8 18.6 3.119

B4.6 1065 2.0 2.417

45.0 142.8 26.5 2.802

69.4 330.3 1.2 3.1S8

15.8 153.8 23.3 2.738

27.2 14.0 13.2 2.363

13.6 22.3 10.7 2.740

09.7 241.8 11.4 2.821

6.8 203.4 5.2 2.450

05.3 177.0 0.1 3.938

16.4 159.9 11.5 2.8S9

10.6 343.3 0.9 2.403

70.9 351.2 11.6 2.670

19.7 159.4 1S.4 2.C19

06.8 8.4 73 2.8T2

152.3 73.6 7.3 3. 083

24.8 82.1 8.8 2.743

54.8 208.8 9.3 2.454

60.8 90.4 1.^8 3.208

46. C 325.4 6.9 2.73S

34.6 157.1 6.7 2.677

27.7 137.8 8.8 3.084

43.4 348.6 3.2 2.739

Ji7.5 206.7 8.3 2.673

21.9 212.2 K>' 2.777

17.7 289 3.8 2.2S6

33.2 7.S 2.0 2.872

69.3 2.0 7.2 .3.142

66.7 32.8 5.2 2.746

Sign «nd Name,

(211)

(212)

(213) Lllaea

(214)

r^(215) CEiiDiie

(216)

(217) Endora,

(218)

(219)

(220)

REMARKS ON THE PRECEDING ELEMENTS OP THE PLANETS
Mu.se..~Tho masses of luar^y of tho planets aro still very uneertain

bcca,Kso exact observations have not yet been made long enough to p!m t of their satisfactory determination. The mass of Merenry nay bestm.a ed as uncertain hy ^ of iis entire amon„t; that of Ma's b^.^tha of Venus by ^,; those of the Earth, Uranus, and Neptune hy f'-
M-hi e those of Jupiter and Snturn .re probably coi;ect to^ "^ '^' '

tlltofToll'^'^'T'''
""•^^ """" ''' '''"'-^ «^-- ^^-« -* -elude

the earth
'""'"* "' "" ''''''' '' ''''""^'^^ ^* -'^ ^^^^ of

The masses of Jupiter, Saturn, Uranus, and Neptune ^hich wo havec> ed are .11 derived from observations of the satellites of these pla etsThe masses derived from the perturbations of the planets do nc^ d iSftoni themby amounts exceeding the uncertainty of the determina sThe most noteworthy deviation is in the case of Saturn, of which Leverrier has found the mass to be ..b:., a result entirely incompatible withtho observations of the satellites.
"»iia

mmeti.-s.-Those are also uncertain in many cases, especially in thoseof the outer planets, Uranus and Neptune. The densiHcs whiclfwe ^Zassigned to these last-mentioned planets, depending on tueir nnssL anddi^neters, must be regarded as uncertain by half their entire amounts
ElUpt.Llen.e„ts OftUos. it may bo said that in general they are' veryaccurate for he planets nearest tho sun, but diminish in precisL as wego outward, those of Neptune being doubtful by one or more minutes

nrd.tr'; :{
""

""r"
^'«-'«-TJ-e are only given approximateiy, inorder that the reader may see the relations of the group at a gla„e

°

They are mostly taken from the Berliner Astronomisches Jal,rbuckf,"Zl
gives annually the latest elements known. The elements of the tweutvor thirty last ones are very uncertain.

twenty

11
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VII.

DETERMINATIONS OF STELLAR PARALLAX.

The following is a list of the stars the parallaxes of wbich aio known
to be investigated, with the results obtained by the different investiga-

tors. The years are generally those in which the observations arc sup-

posed to have been made, but iu the case of one or two of the tarlier

determinations they may be those of the publication of results. In the

references the following abbreviations are used

:

A.G.

A.N.

B.M.

C.R.

D.O.

Mel.

M.N.

M.R.

M.P.

P.M.

R.O.

PuilicaUonen der Aatronomischen Gesellschaft.

Jstronomische Nachrichten.

Monatsherieht (of the Berlin Academy of Sciences).

Comptea liendus (of the French Academy of Sciences).

Astronomical Obaervation, etc., at Diinainak, by Francis Briiunow.

2 Parts. Dublin, 1870 and 1874.

Melanges Math^matiques et Astronomiqucs, Academic de St. Peters-

hourg.

, Monthly Notices of the Royal Astronomical Society.

A. S. Memoirs of the Eoyal Astronomical Society.

Mt'moires de I'Acade'mie de Sciences de St. PtStersiourg.

Beeueil des M4moires des Astronomes de Poulkowa, public par W.
Struve. St. P6U )ourg, 1853, vol. i.

Radcliffe Observations, Oxford.

star's Name.

Groonibridge

No. 34

Pole Star ....

Capella

Si-ias

ABtrunomer, and Date.

( Auwers, by clironogrnph measures, )

( 18C3-'60
j

Liiidennu, from E. A.'b, 1760-1810

W. Struve, Dorpat, 1S1S-'21

Struveand Prenss.from R.A.'p,1S22-'38

Luiidahl, from Dorpat declinntious. .

.

Peters, from decliuatious, lS42-'44

Lindhageu

Peters, J.-om declinations, l&i2

^triive, with Pulkowa equat., 1856

Henderson, 1833

Parallox.
Probable

Error.

/t u

0.292 ±.036

0.144 ....

0.075

0.172

0.147 ±.030
0.067 < • • •

0.026 ±.013
0.040 ±.20
0.305 ±.043
0.34 ....

Refeiencc.

B.M.,1807.

P.M., p. 08.

P. M., p. 121.

P.M., p. 264.

P.M., p. 136.

Mel., II., p. 400.

P.M., p. 64.



wbicb are kiiowij

ifforeut iiiVLvstiga-

irvations arc snp-

;wo of the t-ailior

if results. Ill the

ble

r.
R«feteucc.

36 B. M., 18G7.

• P.M., p. 08.

30

, P. M., p. 121.

13 P.M.,p.2M.

P.M., p. 136.

43 Mel., II., p. 400.

• P.M., p. 04.
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Sliir'a NRine.

SIrius.

A»lrononier, aud Date.

Castor.

Miiclear, 1S37

( IIciulersDu, from Iiis own ni)d Mnc

)

I Iear'8 observntious
j

Qyldeu,fromMaole«r'8ob8.,183(jl'3T
I 0.193

Abbe, from Cape ob8.,lS6G-'63..
. | 0273

Parailoz,
Probnblo

Error.

0.16

(JohnsoD, with Oxford helion.eter,
( lS54-'65

Peters, from declinations, 1842 ......
< Urso! Mnj. ..

.

Lalaude No.)
21185 n Winnecke, witli heliometer, 1857-'CS..

Lnlande No.
(

21268 j
Auwers, 1860-'62

Reftjr»m''e.

Krneger, 1862 (f)

,

|Qroombridge )(

No. 183'j ... I
"^ctcrs, from declinations, 1842

,

Oeltzen Arg.

)

N., No. 17415)

/JCeiitauii...

a Boetis

Pnye, at the Paris Observatory.
.

.

i Wichman, from Schluter's obeerva-V
( lions, 1842-'43

\

Wichmann, from his own obs., lS81t|

Struve, 1847-'49.

Johnson, with heliometer, 1854-'SB..

Aiiwers, from Johnson's obs
Brunnow, 1870-",, .,...

Krueger, 1SC2 (f)

Moesta, from declination.", lS00-'64
Peters, from declinations, 1842. ...

0.210

0.133

0.00]

0.271

0.260

0.226

1,08'

0.180

0.089

0.034

0.033

0.023

0.09

M.R.A.a,xi.,248,

±•087 Mel., III., 695.

±.102 M,N.,x.xvliI.,p.3.

±.062 l{.0.,.xvi.,p.(xi).

P. M., p. 130.

A. G., No. xi.

A. N., No. 1411.

M. N., xxiii., 173.

1'. M.,p.l36.

C. R., \-;il.

A.N.,vol.86,p.29,

±.10«

±.011

±.011

±.020

±.141

±.018

±.018

±.023

±.033

±.01

0.247
I
±.021

a Ccutauri

.

0.213

0.127

p Ophiachi.

Johnson, Oxford heliometer, ]845-'55.

jnenderson, from his meridian obs.

)

(
at the Cape ofGood Hope, lS32-'33

)
a> Centanri, from right ascensions .'.

a> Centauri, from direct declinations
a» Centanri, from reflectad decs. .

'
I'o'o

a» Centauri, from right ascensions .... 048
a« Centauri, from direct declinations
a" Centanri, from reflected decs. .

Mean of all for both stars \\\"
Peters, from the same obs., finds .....
( Henderson, from Maclear's observ.-i-

)

( tions, 1839-'40 \

Peters, from the same observations
Maclear, from decs., 1842-'44 and 1848!
Moesta, from declinations, lS0O-'64.
Knieger, ]S.'5S-'59

0.138

0.92

1.42

1.05

1.21

1.16

1.14

0.913

lb., p. 83.

±.029
I

P.M., p. 291.

±.028 i^- 0-> "f.. p.

I (x.xii).

B. M., 1874.

I>. O., II., p. 23.

M. N., xxiii., 173.

A. N., 168S.

P. M., p. 130.

(R. 0., xvi., p.

( (xxiii).

±.0C9
±.073

±.062

0.970

0.019

O.SSO

0.109

±.36

±.19
±.47

±.84
±.18

±.C4
±.11

±.11

±.064

±.034

±.06S
±.010

.M. R. A. a, xi.
'^

p. 67-68.

\)

P. M., p. 62.

M. R. A. S., xii.,

p. 3T0.

P.M., p. 63.

M.R.A.S.,xx.,98,

A. N., less.

A. N., 1212.

• This result is probably erroneous.

par[so'n'Te^:^i,':,:;;rsreTfrrriL^^^
la. of 1830 Gr. 0".72

; but this view was' aft^^^Si^Z^ ^'^^^^ -«1e the paral-

J:

m

t
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Stu'i Nun*.

p Ophlachl

.

a Lyras

aCygni..

61Cygni.

Aitrnnomor, and Date.

Krncser, 1888-'C2

Airy, Troughton'8 clrck, 1836

Airy, Jones's circle, 1830

Struve, 1837-'40

Peters, from declinations, 1842

Struvo, 1861-'B3

Johnson, 1864-'66

BrDnnow, 186S-'C:»

Brunnow, 1870

Peters, from ileclinntions, 1842

(Bessel, with KOuigsberg heliome-)

( ter, 1888
j

Bessel, from subsequent obs., 1840

Peters, from declinations, 1842

(Johnson, with Oxford heliometer,

)

( 1862-'63
)

Auwers, from Johnson's obs
Struve, 1S62-'B3

Auwers, from Konin^berfj heliometer.

Paranax.

0.162

0.224

-0.102

0.262

0.103

0.147

0.164

0.212

0.188

-0."82

0.314

0.348

0.349

(>.J92

0.42

O.BOO

o..')e4

Trobabla

Error.

±.007

(

±.053

± .009

±.046

±.010

± .033

±.043

±.flS0

±.028

±.016

R*fercnre.

A. N., 1403.

(M. U. A. .S., X.,

( p. 209-270.

P. M., p. 58.

P. M., p. 130.

M. P.,vii.,vol.J

D. O., Part I.

a O., Part II.

PM.,p. 136.

P. M., p. 130.

R. O., vol. xiv.

M. P., VII., I., 4C.

A.N 1411-'16.
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lll<l

r.
R«ferciir8.

w A. N., 1403.

(M. U. A. S., X.,

1 p. 2e9-'.'7().

1'. M., p. 58.

53 I*. M., p. 130.

)!) M.I'.,vii.,vol.l,

lU

D. O., Part T.

!3 a O., I'ait II.

a I'M., p. 130.

P. M., p. 130.

R. 0., vol. xiv.

8 M. P., VII., I., 4i.

6 A.N Ull-'IO.

VIII.

SYNOPSIS OP PAPERS ON THE SOLAR PARALLAX. 1854-78.

The following is believed to be a nearly complete list of the detemL
nations of the solar parallax which have appeared since the discovery of
the error of the old parallax in 1854. No papers have been included ex-
cept those which relate immediately to the determination in question.

1. Hansen, 1854—.V.iV^. R. A. S., xv., p. 9.

Statement that he finds the coefficient of the parallactic equation of thfimoon to bo 125".705-a valne greater than that deduced from the sola;
parallax as given by the transits of Venus.

2. Lkveuiuer, 1858-Annale8 de VObservatoire de Paris, iv., p. 101
Discussion of solar parallax from lunar equation of the earth, giving

8 .95. (In this paper Mr. Stouo has fonnd two small numerical errors
correcting them, there results 8".85. There is also a doubt about the
theory, which might allow the result 8".78.)

3. FoucAULT, lSQ2—CompteB Rendus, Iv., p. 501.
Experimental determination of the velocity of light, leading to the value

of the solar parallax, 8".86.

4. Hall, IS&S—Washington Observations for 1863, p. Ix.
Solar parallax, deduced from observations of Mars with equatorial in-

struments, in 1862 : result, 8".8415.

5. Ferguson, 1863-Washington Observationsfor 1863, p. Ixv.
Solar parallax, deduced from observations with meridian instruments at

Washington, Albany, and Santiago. Results various and discordant, ow-
ing to incompleteness of the work.

6. Stone, 1863-M.N R. A. S., xxiii., p. 183 ; Mem. R. A. S, xxxiii., p. 97.
Discussion of fifty-eight corresponding observations of Mars (twenty-one

pairs) at Gi-eenwich, Cape, and Williamstowu, leading to B".943.

h;
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7. Hansen, 1863—JI/. N. R. A. S., xxiil., p. 24a
Deduction of the value 8".97 from iLo parallactic iuequality of the moon

8. Hansen, 1863—J/. ^V. R A. S., xxiv., p. 8.

A more accurate conjputation from the same data gives 8".9159.

9. Winnecke, 1863—Astr. Nachr., lix., col. 261.

Comparison of twenty-six corresponding observations (thirteen paii-s) at
Pr.lkowa and the Capo of Good Hope. Parallax, 8".9G4.

10. PowALKY, 1864—Doctoral Dissertation, translated in Connaisaance den

Temps, 1867.

Discussion of the transit of Venus, 1769. Result, 8".832, or 8".86 wLcm
the longitude of Chappe's station is left arbitrary.

11. Stone, 1867—ilf.K S. A. S., xxvii., p. 239.

Attention directed to a slight lack of precision in Hansen's first paper
(No. 7). Deduction also from its data of the result 8".916—agreeing wiih
that from Hansen's second paper.

12. Stone, 1867—^.K B. A. S., xxvii., p. 241.

Correction of one of the numerical errors in Leverrier's determiuatiou
Result, 8".91.

13. Stone, 1867—Jlf. N. B. A. S., xxvii., p. 271.

Determination of the parallactic inequality of the moon from 2075 ob-
servations at Greenwich. Inequality, 125".36. Solar parallax, 8".85.

14. Newcomb, IQ^—WaaMngton Oiaenations, 1865, Appendix II.

Discussion of the principal methods employed in determining the solar
parallax, and of all the meridian observations of Mars during the opposi-
tion of 1862. Result, 8".848.

15. Stone, 1867—i!f.K B. A. S., xxviii., p. 21.

Comparison of Newcomb's and Leverrier's determinations of the solar
parallax, leading to the detection o ." another small error in the latter,

16. Stone, 1868—3^. N. B. A. S., xxviii., p. 255.

Rediscnssion of the observations of the transit of Venus, 1769. Only
observations of ingress and egress at the same station are used, and certain
alterations are made in the usual interpretation of the observations by
Chappe in California, and Captain Cook and his companions at Otaheitu
The result of these alterations is that the parallax is increased to 8".91.
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17. Newcomb, 1868—If. N. R. A. S., xxix., p. 6.

CnMcism of Mr. Stouo's iuterprctation of Cl.appe's observation of e«,08»

I

18. Stone, 1868—if. .V. i?. j. g^^ ^^^^ ^ g
Reply to the preceding paper.

19. Fayk, \md—Comptc8 Remlus, Ixviii., p. 42.

Examination of the observations and interpretations iu Mr. Stone'spaper concluding that all that wo can decide from these observations is
tliat tho solar parallax is between 8".7 and 8%

20. Stone, 1809~M. N.R.A. S., xxix., p. 236.
Reply to Faye. criticism of Powalky's paper, and fnrther discussions hav-ing or their object to show that the results of his paper agree with thescattered observations of ingress and egress iu Europe aud America.

21. Anonymous, mO-rierteljahrssehri/t der Jstr. Gesel, W., p. 190
General review of recent papers on tho solar parallax, dealing moreespecially with tho work of Stone aud Powalky.

22. Powalky, WO-Asfr. Xachr., Ixxvi., col. 161.

^
From a second discussion of tho transit of Venus, 1769, he deduce.

23. Powalky, 1871—Astr. Xachr., Ixxix., col. 25

J,rT":r\"^ '^" """'^' "" ^'''''' ^y "^^ ''"'*'"" «f '^' "°'1« «f Venus,H .77. But the adopted mass of Venus enters into the result in such a wav
ae to make it decidedly uncertain.

2^ 1.EVEBRIEK, 1872-Compte8 Rendua, lxxv.,p. 165.
Determination of the solar parallax from the mass of tho earth as derive.lfrom |],e motions of the planets, and the diminution of the obliquity of the

ecliptic Result, 8".86. (The distinguished author of this pai' r does m,
distinctly state in what way he has allowed for the fact that it is the com-b.ned ma«s of the earth and moon which is derived from the perturbations
of the planets while it is the mass of the earth alono which enters into theformula for the solar parallax. His presentation of the formuhe seems toneed a slight correction, which will diminish the parallax to 8".83.)

25. COKNU, 1874-'76-Annales dc VOhservcitoire de Paris, xiii.

Redetermination of the velocity of light, leading to the parallax 8".794.
II btruva'B constant of aberration (20". 445) is used.

Pi

.1

I
I:..



654 APPENDIX.

26. Gallk, 1H75

—

Brealau, Marmchke .f- Ilerendt.

"Ucber eiiiu Ik'Ntiiiiinmij; dcr Soniicii rnnillaxo urn I'orrespniidireinUii

Ueolmclmni^i'ii tlos I'lniietoii Flora, iiii October iiiid Novcinbor 187;{." !))«.

ciiHsioM of obm^rviitioiiH miulo at iiiiio northern observatorieH, and the Capi'
Cordoba, and Molbourno, in the southern JieniiHpliero. Kosult, H".873.

27. PuiHKUX, It^o—CompUa liendua, Ixxx., p. 933.

Coniptitatioii of four contaet obHervations <if the traiiHit of Venus in 1874
made ot Peking and 8l. Paiil'M Island. Kesiilt, 8".87y.

28. Lindsay and Gill, 1877—3/. N.R.A. S., xxxvii., p. 308.

Reduction of observalioiiH of Juno with n lielioniotrr at Mauritius, in

1874. The result ia ty'.7G5; or 6".815 when a discorduut obHervalion xa

rejected.

29. Lindsay and Gill, 1^7—Dunecht Observatory PuhUcatiom, ii.

Observations and discussion from which the preceding result is derived

given in full.

30. Airy, 1877

—

Government Report on the Tetescopio Observations of the

Transit of Venus.

Observations of contacts made by the British expeditions, and prelimi-

nary computation of the results for the solar parallax. The results given
on page 7 are

:

Prom all the observations of ingress ir=8".739 Wt.=\OM
From all tlie observations of egress 7r=8".84T H7.=2.63
Combined result ir=8''.760

31. Airy, 1877—if. N. B. A. 8., xxxviii., p. 11.

More complete discussion of the British observations leading to the

mean result, 8".754.

32. Stone, 1878—Jf. N. R. A. S., xxxviii., p. 279.

Aaother discussion of the observations contained in Airy's report (No.

30) leading to the following entirely diflferent results

:

Prom observations of ingress >r=8".860±0".136x8
Prom observations of egress jr=S".9T9±0".279xe
From all the observations t=8".884±0".1: ' xe

33. Captain G. L. Tupman, R. M. A.—ilf. N. B. A. S., xxxviii., p. 334.

Statement that the treatment of ingress, as exhibited in the Parliament-

ary Report, seemed unsatisfactory. The following are his final results

:

From observations of ingress w=8".857±0".040
Prom observations of egress »r=8".702±O".()27

From all the observations 7r=S".813±0".033

Note.—In the preceding list the abbreviation M. N. R. A. S. represents the Monthls
Notices vf the Royal Astronomical Society nf London.

I
i
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sei'vationa of the

esents the Monthlg

IX.

LIST OF ASTRONOMICAL WORKS, MOST OF WHICH HAVF RFFV rOK

W™ '' '''''''''''' ^' ^"^ PHEFARATIOX OF^nifpR^^^^^^^^

Ti.o follcwi,,. comprises: 1. A few of tho leading works of the greatnHfron«nu..H „f the past, and of tho invcHtlgators of tho present, arrayednearly n, ,lu, order of tin.o. In the case of works '.fore 180
, the Tpposed da.e of composition, or the years withiu which tho autL.lZ-

^.hed are g.ven. Tho list is presented for the heuefit of those teachersand stn<le„ts who w.sh to be acquainted with these authorities, and can-not refer to such works as tho liiMiographic Astroaomique of Lalande ortho Pnlkowa Catalogua Librorum.
^"'anue, or

2. Modern telescopic researches upon tho physical aspects of the planetswhich have been employed :•! tho preparation of Part IIL of the present

3 decent works on special departments of astronomy, which n.ay be

Thl tl V r ", 7f *' ^""" 'P""' "•'J'^''*^ ^^''*»' S^--^^-- f»l"es»
than that with which they are treated iu elementary works

la the first two classes the selection is, for tho most part, limited toworks which have been consulted as authorities in the preparation of this
treatise In the case of Hevelins, however, some writings are addedwhich I have not used, nor even seen, with the object of making the list
of his larger works complete. Writings which have appeared in period-'
icals and the transactions of learned societies are necessarily omitted from
the list, owing to their great number.
The prices given for some of the older books are those for which ther

are commonly sold by antiquarian dealers in Germany.

B.C.250. AmsTARcnus: J)e Magnitudinibus et Bietantiis Soils et Luna. Pisa
1572. $1. '

A.D. 150. Ptolemt, Claube: MEFAAHS 2YNTAS;eQ2 BIBA. IF, common-
ly called The Almagest.

18 to $1Pl
' "®' l**!^ It.. Commonly sells for
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8ttO.

1543.

1597.

AtnATRONlus : De Scientia Stellarum lAher. lloini, 1645.

Coi'KHNicUH : De lievotulionibm Orbitim Valcttium.

The Hrst edition «)f tho preot work of CopcmlcuB is roro. The second
rBnscl, XTM) Bulls I'or W. Two fltio cdltlous bavo been published in
Gcrinuny hi reeeut times. Prleo %1 to |10.

Tycho Dkaiib : Aatronomiw Inatauratw Mcchanica.

1602. $3.

been published In

Noriberg,

Contains deserlptlon of Tycho's Instruments and methods of observlnn.

Aatronomiw Inatauratw Progijmnaamata.

De Mundi Jitherei lieccni'wnhm Phanomcnia. Frank-
fort, 1610.

These two volumes gcncmlly so under the title of the former. A Inter
edition (1048) was Issued under the misleading title Opera Omnia. The
selling priee Is $0 for the two.

1590-

1630.

1590-

1636.

Editlit Dr. Cli. Frisoli. MKeplku, Jouannks : Opera Omitia.

vole., 8vo. Frankfort, 1858-71.

A recent and cu.nplcte edition of Kepler's voluminous writings. Price
from 125 to $30. Generally cheaper at second-hand.

Galileo Galilki : Opere. 13 vols., 8vo.

about $10.

Milan, 1811. PrICO

A much better edition, published in 4to, about 1&15, Is more expensive
Galileo wrote almost entirely in Italian.

1603. Bayer, Johannes : Uranometria.

Bayer's celel rated stnr-eharts, in which the stars were first named with
Greek letters. Three or more editions were published, the second be-
ing in 1648, the third In 1661. «3 50.

RicciOLUs : Almageatum Novum. 2 vols, in one, folio. Bonn, 1651.

Aatronomia Bvformata. Folio. Bonn, 1665.

Two ambitious works, remarkable rather for their volumlnousness thnn
for their value. The author being an ecclesiastic, had to profess a dis-
belief In the Copcrnican system.

BuLLiALDUS : Aatronomia Philolaica. Folio. Paris, 1645.

The last tliree works are cited as probably the most voluminous com-
pendiums of astronomy of the seventeenth century. They can all bu
purchased for $3 or $4 each.

Fabhitii, J. : De Maculia in Sole Ohaervatia.

BoBELLi : De Vera Teleacopii Invcntore. Hague, 1655. $1.

Hevelius, J. : Selenographia, aive Lunm Deacriptio. Folio.

The earliest great work on the geography of the moon and the aspects
of the planets. Profusely illustrated. %i to $5.

1630.

1611.

1655.

1647-

1690.
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Cli. Friach. H
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1687.

1720.

1728.

1740.

1741.
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llKVKMUH, J. : Mercuriui in Sole fitas. Folio, 1CC2. $1.
Contains ulso IIorrox'H observation of tlio transit of Venus In 1030.

^ Cometogmphia. Folio, Um.
Tho first great modern treatise on the 8ul)Ject of coniets.

Machina Cahatia, Para Prior. Folio, 1073.

'''TuUsio'Sy oi-
h^' >.t^^I"«t.un,entH, and u dls,ul«ltlo„ on the prac-

Mathiiia Cakalia, Para PoaUrwr. Folio, 1679.

^fl^' ro^t;:si:ry;^'i;;787^!'^'-' ""^""^ ^'^^" '''''''•'^' ^^y

AiinuH Climacterinia. Duntzic, 1685.— J'rodromua .latroiiomke. Dant/.ic, lOlK).

Fimamviiliim ^obiiHciaiiiim. Duntzic, ICUO.
These worlts comprise Btar-catulogues, stai-nmps, cle. #3 60,

HUYOUKNS
: Syatema SalurHiu. . Hagno, 1059.

lloroloyium Oadllatoriiim. Vnvia, 107.3.

Tlie latter work contains the tlicory of tiic pendulum clock. Tliesc twoand most (.1 the other in.portanl works If IIuy«lVens w^re publLl c

l^ ? ' /V'*'' "'/«<«, nominally in four voluirics, i.ut the pni;intr is

77a Leiden, S^ *"" '"'''' "'" ^"^"^ """'^'-•'- "f P-ge- bc^nR

Newton, I.saac
: Phihaophiw Natiiralia Priiidpia ilaihmatica. 4to.

Loudon, 1087.

A number of editions of Newton's Pnucipia have appeared. One of the

m«^ 7f"?'"°"
'' ""''; "/.^^^ ^'"'" ""'• J"c(iuler, s'vols. in 4. Geneva'

1739 It is accompnnied by an extended commentary. Sells for about

«ln«.rnw '"^Tr "'^'"l"
''"' ^1'"",'. '" ^^'^^'

''J' «''' ^^'»'""» Thomson, inUUisgow. lliere is also an Englisli translation by Motto, which liasgone tlirough several editions in England and one in America. .

BuEWSTEn, Sm D. : Mmoira of Vie Life, Writings, and Biacovei-ifa

of Sir Isaac Xvwton. 2 vols., 8vo. Edinburgh, 1855.

Flamsteed, J.
: Hiatoria Calestia Briiannica. 3 vols., folio. Lou-

«lou, 172.5. $10.

Contains Flamsteed's observations and star-catalogue.

BI.ANCIIINI, F. : ITesperi ct Phosphon nova Phwnomena sive Ohecrra-
tionea circa Planetam Veiiena. Folio. Rome, 1728.

CABSim: Siemens d'Aatronomie. 4to. Paris, 1740. $1.

IRatona Astronomic. Small 4to. Witteuiberg,
Weidler, Jo

1741. $2.

BernouXlli, John
$5.

Opeia Omnia. 4 vols., 4to. Lausanne, 1742.



•V\j-^

-v^

—— %'!' ' . ' ! .

(>.

>^^>

558

1760.

1780.

1780-

1790.
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Lie MoNNiER
: La TMorie des Comites. 1 vol., 8vo. Paria I743

81.

ICvNT, Immanuel : ^chriften zur Phyaischvn Geographk. 8va
Leipzig, 1839.

Pzxgkb: Com^tographie ; ou Trait6 Eistorique et Th^orique des Co-
vwtcs. 2 vols., 4to. Paris, 1783.

The most complete Listorical and general treatise on comets which in*
appeared.

) Bailly: Eietoire de I'Astronomi'} Ancienne dcpiiis son Origim jusqiCa

5 VEtnhliasement de I'Ecole WAUxandrk. 1 vol., 4to. Paris, 1781. §10.

1800.

1817.

Iliattire de VAatronomie Modcrne deptiis la Fondation dc
VEcolc d'AlexandrieJuaqii'd V^jwque de MDCCXXX. 3 vols. 4to.

Paris, 1779. $6.

Traill de VAatronomie Indienne et Orientale. 1 vol. 4to.

Paris, 1787.

These histories by Bailly are considered very unsound, the autlior hav-
ing a greatly exaggerated opinion of the knowledge of the ancients.

Lalande, J. De : Bibliograpldc Aatronomique ; avcc VHtstoirc di

VAatronomie depuia 178i juaqii'd, 1802. 4to. Paris, 18G.i. §3.

Laplace, P. S. : Traite' de Mecanique Celeste. 4 vols., 4to. Paris,

1799-1805. $60.

This work is now expensive, all the editions being exhausted. A new
edition 18 soon to be issued.

Exposition dii Syat^me du Monde. 1 yrl., 4to. S3.

The latter work gives a very clear popular exposition of the laws of thr
celestial motions.

Delambre : Hiatoire de VAatronomie Ancienne. 2 vols., 4to. Paria,

1817. $4.

Hiatoire de VAatronomie dn Moijen Age. 1 vol., 4to. Paris,

1819. $3.

Hiatoire de VAstronomie Moderne. 2 vols., 4to. Paris,

1821. $5.

Eiotoire de VAstronomie au dix - huiti^me Sikle. 1 vol., 4to. Paris.
1827. $3.

These histories by Delambre consist principally of abstracts of the writ-
ings ot all eminent astronomers, accompanied by a running commen-
tary, out without any attempt at 'ogieal arrrng-mont. Eabli work is
taken up and passed through in regular order, but it is only in tlio in-
troductory essays that general views of the progress of the science are
founJ.

°
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'entale. 1 vol., 4to.

5 vols., 4to. Paria,

1 vol., 4to. Paris,

vols., 4to. Paris,

1 vol., 4to. PariSj

bstracts of the writ-
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ExcKE, J. F.
:
Die Entfernung der Sonne von der Erde aus dcm Ve-

vusdiirchgaiige von 17PI hergeleitet. 12mo. GotLa, Id^ilsi.

'" l^erVenusdurchgangvonnm. ISnio. Gotba, 1824.

^'kucHn7trthc*'SrH"*^"~^^^
researches on the solar parallax

miles ' "" "''^ «li8tance of the sun 95,yoO,0(K»

iDEijJii, Di'. LuDwiG : Handhuch der Mathemaimhcn nnd Technischen
Chronologic. 2 vols., 8vo. Berlin, 1825.

WiiEWELL, Wm, : History of the Inductive Sciences. London.

Heusciiel, Siu John: Results of Astronomical Observations made
during the Years 1334, '5, '6, % >8, at the Cape of Good Hope 1
vol., 4to. London, 1847.

Stkuve, F. G. W. : Etudes d;Astronomic Stellaire. St. Petorsburc
1847. *"

Grant, Robert: History of Physical Astronomy, from the Earliest
Ages to the Middle of the Nineteenth Century. 8vq. Loudon, 1852.

BioT, 3 B,
:

Etudes sur VAstronomic Indicnne et Chinoise. 8vo
Paris, 1862.

LovERiNG, Joseph : On the Periodicity of the Aurora. Memoirs
of the American Academy of Arts and Sciences. Boston 1859
and 1805.

Olbers, W., and Galle, J. G. : Hie leichtste und bcquemste Methode
die Bahn cines Cometen zti berechncn. 8vo. Leipzig, 18G4.

"^'to tTiemfof1& ^^'" °^"" °''^'*' of comets computed, brought up

2ollner,De.J.C.F.: Ueber die Natur der Eometen. 8vo. Leinzi.r
1872. * "'

D^nRiNG, Dr. E. : Eritische GcscMchte der Principicn der Mcehanik.
8vo. Berlin, 1873.

TomiCNTER, L History of the Maihematir^l Theories of Attraction
and the Figure of the Earth, from the Time of Netvton to that of La
Place. 2vols.,8vo. London, 1873.

n.-WOKKS ON THE PHYSICAL ASPECTS OF THE PLANETS.

SCHKOETER, J. H. : Bcitrage zu den Ncuesten Astronomischen Ent-
deckungen. Herausgegeben von Bode. 3 vols., 8vo. Berlin 1786-
1800. ^fi,

'
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SCHRCETER, J. H.
: Selenotopographische Fragmente gur genaucrn

Kenntnisa der Mondfliiche. 4to. Lilientbal, 1791. $3.

Jphroditographiache Fragmente zur genaucrn Kenntnhs des
Planeten Fenua. 4to. Helmstedt, 1796. $G.

Schroeter's style was intolerably prolix and diffuse, so that a eluur idci
of the results be really attained involves no small labor.

Beer, W., aud Madleu, J. IT. : Phyaiache Beohachtungen dva Man
bci aeino- Oppoaition im September 1830. 12mo. Berlin, 1830.

Der Mond nach adnen koamiachen md individuellen rcr-
haltniaaen, oder Allgemeine vergleichende Selenographie. 4to. Berlin
1837. $7.

This volume is accompanied by a large map of the moon, and is tlie
most complete and celebrated work on selenograpliy which has vet
appeared.

o r j jvu

Beer, W., and Madler, J. H. : Beitrage zur phjaiachcn Eenntnias
der himmliachen Eorper im Sonnenayateme. 4to. Weimar, 1841.

ZOllner: Photometriache TJnterauchungen mit heaonderer Buckskht
auf die phyaiache Beachaffenheit der Hinmelakorper. 8vo. Leip-
zig, 1865.

Engelmann : Ueher die HeUigkcitavei-haltniaae dm- Jupiteratrabantec

8vo. Leipzig, 1871.

,
Vogel, H. C, and Louse : Beobachtungen angcatelU auf der Slei'n-

war'e dea Kammerherrn von Biiloiv zu Botkkamp. 3 pts., 4to. Leip-

zig, 1872-75.

iii.—recent treatises on special subjects.

The Sun.

Proctor, R. A. : The Sun : Buler, Fire, Light, and Life of the Plan-

etary Syatem. 8vo. London, 1871.

Lockyer, J. N. : Contnuutiona to Solar Phyaica, 8vo, London, 1874.

Secchi, a. : Le Soldi. 2 vole, 8vo, with Atlas. Paris, 1875-77.

The latter is the most complete and beautifully illustrated treatise on
the sun which has yet appeared.

The Moon.

Nasmyth aud Carpenter: The Moon. London, 1874.

Contains very beautiful illustrations of lunar scenery.

Proctor, R. A. : The Moon : Her Motiona, Aa2)€cta, Scenery, and

Phyaical Condition. 8vo. London, 1873.

This worli is illustrated with several of Mr. Rutherfurd's photographs.
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o, Loiidou, 1874.
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Neison, Edmund: The Moon, and the Condition and Configurations
of its Surface. lUustrated. 8vo. Loudon, 1876.

Principally devoted to selenography.

Transits of Venus.

FoKBES, George : Transits of Venus. London, 1874.

Proctor, R. a. : Transits of Fenus. A Popular Account of Pott
and Coming Transits. 8vo. London, 1875.

Jupiter8trabant&

THEORETICAL AND PRACTICAL ASTRONOMY.

LooMis, EuAS
:
An Introduction to Practical Astronomy, tvith a Col-

lection of Astronomical Tables. 8vo. New York, 1855.
Contains much information for the amateur astronomer.

Sawitch
: Ahriss der Practischen Astronomic. 2 vols., 8vo. Ham-

burg, 1850.

BRtJNNow, F.
: Practical and Spherical Astronomy. 8vo. London

and New York, 1865.

CiuuvENET, W.
: Manual of Spherical and Practical Astronomy. 2

vols., 8vo. Philadelphia, 1863.

''''appeTrer"'^'*''''
""'^ exhaustive treatise on the subject which has yet

Watson, J. C.
: Theoretical Astronomy. 8vo. Philadelphia, 1868.
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X.

GLOSSARY OF TECHNICAL TERMS OF FREQUENT OCCURRENCE IN
ASTRONOMICAL WORKS.

The following list is believed to include nil the technical terms used in

the present work, as well as a number of others which the reader of as-

tronomical literature will frequently meet with. Tlio words in pareutlie-

yes which sometimes follow a term express its literal signification.

Aberration (a wandmng-atcay). Generally applied to a real or apparent
deviation of the course of a ray of light. Especially (1) an apparent
displacement of a star, owing to the progressive motion of light com-
bined with that of the earth in its orbit, p. 209 ; (2) the defects of action of

a lens in not bri isging all rays to the same focus. The spher.ical uherration

>f a lens results in the rays which pass through the glass near its edge
coaling to a shorter focus than those whicli pass near its centre, while
the chromatic alenation is the separation of the light of different colors.

Achromatic (without color). Applied to an object-glass in which rays of

different colors are brought to the same focus. See p. 116.

Aerolite. A meteoric stone or other body falling from the celestial spaces.

Albedo. Degree of whiteness, or proportion of incident light reflected b.v

a non-luminous body. When the albedo of a body is said to bo 0.6, it

means that it reflects ^ of the incident light.

Alidade. A movable frame carrying the microscopes or verniers of a grad-

uated circle. Not generally used in instruments of recent construction.

Altitude. The apparent angular elevation of a body above the horizon,

usually expressed in degrees and minutes. At the horizon the altitude

is zero, at the zenith it is 90°.

Annular (ritig-shajjed). Having the appearance or form of a ring.

Anomaly. The angular diHtaneo of a planet from that point of its orbit;

in which it is nearest to tlie sun, or, in the ancient astronomy, to the

earth. Draw two straight lines from the sun, ono to the nearest point

of the orbit, or the perihelion, and the other to the planet, and the an-

gle between these lines will be the anomaly of the planet.

Anomalistic. Pertaining to the anomaly. The anomalistic year is the

period between two consecutive returns of the earth to its perihelion,

It is about 4' 15" longer than the sider"'*. ye.ir.
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Ansae (handles). Tbo apparent ends of the rings of Saturn, -which look
.like handloH projecting from tho planet.

Aperture of a Telescope. The diameter of tlio glass or mirror which
luhnits the rays of light, clear of all obstacles.

Aphelion. Tho part of tho orbit of a planet in wliich it is farthest from
tho sun.

Apogee. Tho point of an orbit in which tho planet is farthest from tlio

earth. In tho ancient astronomy the planets were said to bo in apogeo
•when beyond tho sun, and therefore at their greatest distance from the
earth; but tho term is now applied only to tho most distant point of
the moon's orbit.

Apsis (pi. A2)8i(ks). Tho two points of an orbit which are nearest to, aid
farthest from, the centre of motion, called, respectively, the lower and
higher apsis. Tho line of apsides is that which joins these two points,
and so forms the nuijor axis of an elliptic orbit. Tho term is now near-
ly superseded by tho more special terms aphelion, perihelion, perigee, etc.
Seo Elements.

Armillary Sphere. A eombinatiou of circles used before tho invention of
the telescope for determining the relative directions or apparent posi-
tioi s of the heavenly bodies on the celestial sphere. It is now entirely
out of use. See p. 107.

Astrolabe. A simple form of armillary sphere used by tho ancient as-
tronomers.

Azimuth. The angular distance of a point of the horizon from tho north
or south. Tho azimuth of a horizontal line is its deviation from the
true north and south direction. Tho azimuth of the east and west
points is 90°.

Binary System. A double star, in which tho two components are found
to revolve round each other.

Binocular {two-eyed). Applied to a telescope or microscope in which both
eyes can be used at once, as an opera-glass.

Black Drop. A distortion of Mercury or Venus at tho time of internal
contact with the limb of the sun. See p. 179.

Centesimal. Reckoning by hundreds. Applied to those denominational
systems in which each unit is one hundred times that next below it.

The centesimal division of the angle is one in which the ciuadrant is

divided into 100 degrees or grades, the grade into 100 minutes, and the
minute into 100 seconds.

Chronograph {time-mark). A'< nstrnment for measuring time by mark-
ing on a moving paper (see , . 157;. Time is then represented by
space passed over.

Circle, Great A circle which divides tho sphere into two eq^ual hemi-
spheres, as the equator and the ecliptic.
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Colurea The four principal moridians of the celestial sphere, all of which
pass from the pole, and one of which passes through each equinox andone through each solstice. They mark the circles of C", Gh, I2h and W'
of right ascension, respectively. '

'

Conjunction (a joining). The nearest apparent approach of two heavenly
hodies which seem to pass each other in their course. They arc conimonly considered as in conjunction when they have the same longitude
The term is applied especially in the case of a planet and the sun Th.-
nearest approach is called superior conjunction when the planet is be
yond the sun, inferior when it is this side of it. Mercury and Venus
are, of course, the only planets which can bo in inferior conjunction

Cosmioal. Relating to creation at large, in contradistinction to terres-
trial, which relates to the earth. By a cosmical phenomenon is meant
one which has its origin outside the earth and its atmosphere.

Culmination. The passage of a heavenly body over the meridian of a
place. This passage may be considered as occurring twice in a day
once above the pole, and again below it, twelve honrs later. The for-
mer is called the upper, the latter the lower, culmination. The upper
culmination of the sun occurs at noon, the lower at midnight

Cusps (points). The pointed ends of the seeming horns of the moon or
of a planet when it presents the appearance of a crescent.

Cycle (circle). A period of time at the end of which any aspect or rela-
tion of the heavenly bodies recurs, as the Metonic cycle.

Declination. The angular distance of a heavenly body from the equator.
When north of the equator, it is said to be in north declination ; other-
wise, in south declination.

Deferent In the ancient astronomy the mean orbit of a planet which
was supposed to carry the epicycle. It is represented by the dotted
circles in Figs. 10 and 11, pp. 38 and 39.

dichotomy (a cutting in tico). The aspect of a planet when half illumi
nated, as the moon at first aud last quarter.

Digit The twelfth part of the diameter of the sun or moon, formerly
used to express the magnitude of eclipses. See p. 28.

Dip of the Horizon. At sea, the depression of the apparent horizon be-
low the true level, owing to the height of the observer's eye above the
water.

Direct Motion. A motion from west to east among the stars, like that
of the planets in general.

Eccentric. In the ancient astronomy, a circle of which the centre was
displaced from the centre of motion. See p. 42, Fig. 13.

Eccentricity. See Elements.

BcUptic. The apparent path of the sun among the stars, described in
Part I., Chap. I., $ 3. See p. 13.

Ali
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aspect or rela-

en half illiimi.

noou, formerly

I; described in

Egresa (a going forth). The end of the apparent transit of one body over
another, when the former seems to leave the latter.

Elementft In general, the data for predicting an astronomical phenome-
non. Especially, the quantities which determine the motion of a plan-
etary body. The independent elements of a planet are six in number,
namely

:

1. The vican distance, or half the longer axis, AP, of the ellipse in which
the planet moves round the sun, the latter being in the focus at S.

2. The eccentricity, the ratio of the distance CS between the centre
and focus of the ellipse to the mean distance.

These two elements determine the size and form of the elliptic orbit
of the planet.

Fio. 112—Diagram lllustratiug elliptic elements of a planet.

3. The longitude of the ascending node, which gives the direction of
the line in which the plane of the orbit intersects that of the ecliptic, or
tte angle which this line makes with the vernal equinox.

4. The inclination of the plane of the orbit to that of the ecliptic.
5. The longitude of the perihelion, P, for which is taken the longitude

of the uoAo, plus the angular distance from the node to the perihelion,
as seen from the sun.

These three quantities determine the position of the orbit in space.
6. The mean longitude of the planet at some given epoch, or the time

at which it passed the perihelion, P.

To these six the time of revolution, or mean angular motion in a day
or year, is usually added ; but as this can always be determined from
the mean distance, and vice versa, by Kepler's third law, the two are not
regarded as independent elements.

Thfc quantities we have described are usually represented by algebraic
symbols, as follows

:

a, the mean Oistance.
e, the eccentricity.

9 or a, .he longitude of the node.
»or0, thelucUnation.

a or n, the longi.ude of the perihelion,
e, the mean longitude at some epoch.
«, the mean motion.

«, the distance from node to perihelion.

IJ

';!'«
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Blllpticlty. Dovialiou from a truly circular oi- spherical form, so aa to
become an ellipse or spheroid. An orbit is said to bo more elliptic the
more it deviates from a circle.

Elonpation. The apparent angular distaaco of a body from its centre of
motion, as of Mercury or Venus from the eun, or of a satellite from its
primary.

Emersion (a coming out). The reappearance of au object after being
eclipsed or otherwise hidden from view.

Ephemeria A table giving the position of a heavenly body from day to
day, in order that observers may know where to look for it. Applied
also to an astronomical almanac giving a collection of such tables.

Epicycle. In the ancient astronomy, a small circle the centre of which
moves round on the circumference of a larger one, especially the circle
in which the three outer planets seemed to perform an annual rcvolu-
tion in consequence of the revolution of the earth around the sun.

Equation of the Centre. The angular distance by which a planet mov-
ing in an ellipse is ahead of or behind the mean position whieii it
would occupy if it moved uniformly. It arises from the eccentricity of
the ellipse, vanishes at perihelion and aphelion, and attains its greatest
value nearly half-way between those points.

Equation of Time. See p. 1G6.

Equator. The great circle half-way between the two poles in the earth
or heavens. The celestial equator is the lino EF in Fig. 3, p. 12. See
also pp.62, and 148, 149.

Equatoreal A telescope mounted so as to follow a star in its apparent
diurnal course, as described on p. 119.

Equinox. Either of the two points in which the sun, in its apparent an-
nual course among the stars, crosses the equator. So called because the
days and nights are, when the suu is at those points, equal.

Bvectlon. An inequality in virtue of which the moon oscillates about
H° on each side of her mean position in a period of 31 days 11) hours.

Eye-piece, of a telescope. The small glasses nearest ta the eye, which
magnify the image. See pp. 1 12 and 120.

Paculae {small torches). Groups of small shining spots on the surface ot
the sun which are brighter than other parts of the photosphere. They
are generally seen in the neighborhood of the dark spots, and are sup-
posed to be elevated portions of the photosphere.

niar (made of thread). Applied to micrometers made of spider lines.

Focus (a fireplace). A point in which converging rays all meet. The
focus of a telescope is the point at which the image is formed. See p. 1 1 1.

Geocentric. Referred to the centre of the earth. The geocentric posi-
tion of a heavenly body is its position as seen or measured from the
earth's centre.
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QeodeBy Tho art or science of measuring the earth without reference
to tho heavenly bodies.

Gnomon. I., tho old astronomy, tho stylo of a sun.lial or any object tho
shadow of which is measured in order to learn tho position of tho sun.

Gtolden Number. Tho number of tho year in tho Metonic cycle, counted
from 1 to 19. Seo ]>. 48.

Heliacal (relating to the sun). Applied in the anc'ent astronomy to those
risings or settings of bright stars which took place as near to sunrise
or sunset as they could bo observed.

Heliocentric. Referred to the sun as a centre. Applied to tho positious
of the heavenly bodies as seen from tho sun's centre.

HeUometer. An instrument in which tho object-glass is sawed into two
equal parts, each of tho parts forming an independent imago of a heav-
enly body in the focus. When the two parts are together in their origi-
nal position, these images coincide, but by sliding one part on the other
they may bo separated as far as is desired for tlio purposes of measure-
ment. It is much used in Germany for measuring distances too great
for tbo application of a filar micrometer.

Helioatat An instrument in which a mirror is moved by clock-work in
such a way as to reflect tho rays of tho snu in a fixed direction, notwith-
standing tho diurnal motion.

Heliotrope. An instrument invented by Gauss for throwing a ray of sun-
hght in tho direction of a distant station. It is much used in ffeodetic
measurements.

Hour Angle. The distance of a heavenly body from the meridian, meas-
ured by tho angle at the pole. It is commonly expressed in time by tho
number of hours, minutes, etc., since the body crossed the meridian

Immersion (a plunging in). The disappearance of a body in the shadow
of another, or behind it.

Inclination, of an orbit. Sec Elements.

Ingress (a going in). Tho commencement of tho transit of one body ovei
tho face of another.

Latitude. Tho angular distance of a heavenly body from the ecliptic, as
declination is distance from tho equator.

Libration (a sloio swinging, as of a balance). The seeming slight oscillations
ot tho moon around her axis, by which we sometimes see a little on one
side of her, and sometimes on the other.

Longitude. If a perpendicular bo dropped from a body to the ecliptic its
celestaal longitude is the distance of tho foot of the perpendicnlar from
tho vernal equinox counted towards the east.

Lunation. The period from ono change of tho moon to the next. Its
duration is 29|^ days, or, more exactly, 29.5305879 days.

Maaa, of a body. The quantity of matter contained in it, as measured

I
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by Uh woiKht nt a Rivoii place. Mush differs from woiglit in that tint

latter in (lillorent iu dim^oiit iihux-H ovidi lor tlio suiiiu body, dopeiidiiiLr
on Iho inton.sity of gravity, whcrcaH tbo iiiana of a body is ncccHHariJy tin;
Bauio overywbcio.

Mean Distance. 8co KhmentH.

Meridian. Tlio terms) rial meridian of a placo in tbo north and tamih
vertical plane patwing tlirongb that place, or, tbo great circle in wliich
this piano intersects the celestial sphere. It pas-ses through the pole,
the zenith, and the north and south points of the horizon. Celestial
meridians are great circles passing from one pole «)f the heavens to
tlie other in all directions, as shown in Fig. 44, p. 149. Every celes-
tial meridian coincides with tbo terrestrial meridian of sonio point on
the earth.

Metonic Cycle. Sco p. 48.

Micrometer (mnall measHrcr). Any instrument for the accurate measure.
ment of very small distances or angles.

Nadir. The point of the celestial sphere directly beneath our feet, or the
direction exactly downwards.

Node. The point iu which an orbit intersects the ecliptic, or other piano
of reference. See Ekmcnta, and p. 23.

Nutation. A very small oscillation of the direction of the earth's axis.
It arises from the fact that tbo forces which produce the precession of
the equinoxes do not act uniformly, and may therefore bo considered as
the inequality of procession arising from the inequality of the force
which produces it.

Oblate. Applied to a round body which diifers from a sphere in being
flattened at the poles, as in the case of the earth.

Obliquity of the Ecliptic. Tbo inclination of the plane of the equator
to that of the ecliptic, which is equal to half the dirterence between the
greatest meridian altitude of the sun, which occurs about June 21st, and
tbo least, which occurs about December 2l8t. At the beginning of 1850
its value was about 23° 27^', aad it is diminishing at the rate of aboiit
47" per century.

Occultation {a hiding). The disappearance of a distant body through the
interposition of a nearer one of greater angular magnitude. Applied
especially to the case of the moon passing over a star or planet, and to
that of Jupiter biding one of his satellites.

Opposition. The relation of two bodies in opposite directions. The
planets are said to be in opposition when their longitude ditfers 180''

from that of the sun, so that they rise at sunset, and set at sunrise.
Orbit The path described by a planet arouud the suu, or by a satellite

around its primary planet.

Parallax. The difference of direction of a Jieaveuly body as seen from

'^'4k
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two p„i„t«, «H the centre of the earth and 8ome point on itn Burfuc...
See I'uit II., Chap. III., $ 1.

ParaUels. I,„a«inary circles on the earth or in th., heavens parallel t<.the equator, an.l having the polo m fheir centre. The parallel of 40" N
.H one which iH everywhere 40' fron, the equator and 50 ' fron. the north
pole. Hee FiK.44, p. H'J.

Penumbra. A partial nhadowing. Applied generally In cases where
IiKht iH partially, bnt not entirely, cut otf.

Peri- {nenv). A general prefix to denote the point at which a body revolv-
u.g .n orbit eo«.eH nearest its centre of motion ; m,pcrihdio», the point
nearcM ho son; perigee, that nearest the earth; vmSaturnium, i\m
nearest the planet Saturn, etc.

Perturbation. A disturbance in the regnlar elliptic or other motion of aheavenly body, produced by some force additional to tiiut which causesIS regular n.otion. The perturbations of the planets are caused by
tuoir attraction on each other.

Photometer iyu-mcmuvcr). An instrument f.,r estimating the intensity
ot light. I he number of kinds of photometers is very great

Precession of the Equinoxes. A motion of the pole of the equator
around that of the ecliptic in about 26,000 years. See .,p. 10, (J2 88

Prime Vertical. The vertical circle passing due cast and west through
the zenith, and therefore intersecting tho horizon in its cast and west
points.

^^

Quadrature. The positions of tho moon when sho is 1)0° from tho sun
and therefore in her first or last quarter. .

'

Radiant Point. That point of tho heavens from which the meteors all
seem to diverge during a meteoric shower. See p. 390.

Refraction (a breaking). The bending of a ray of light by passing through
a medium. AHtronomical refraction means the refraction of t ho light of i
heavenly body caused by tho atmosphere, as described on •., 300.

Retrograde {backward). Applied to the motion of a planet' from east to
west among tho stars.

S^oa A period or cycle of 18 years 11 days, in which eclipses recur
See p. 30.

Scintillation (« twinkling). The twinkling of the stars.
Secular (relating to the ages). Applied to those changes in the planetary

orbits which require immense periods for their completion. See p. 95.

'

Selenography. A description of tho surface of the moon, as geography is
a deser ,:)tion of tho earth's surface. Wo might call it lunar geography
but for the etymological absurdity.

Seadgeaimal. Counting by sixties. Applied to those denominate sys-
tems m which one unit is sixty times the next inferior one, as the usual
Bubdivisiou of time and arc.

i!
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Sextant Tlio Hixtli part of a ciicnmfortMico. Also nn liistnitncnt, miuli
used in piactical fiHtroiioniy and navigation, for tlio roady nicuHnnnnont of
tho anK'nlartliHtancoof two I>oint8,or of tlioultitndo of a heavenly body.

Sidereal. Relating to the HturH. Sidereal time in time nu-a.siired l>y tin-

dinrnal revolution of tho Htars. Each unit of sidereal time i.s about
^th part shorter than tho usual one. See p. 152.

Signs of the Zodiac. Tho twelve etpial parts into which tho ecliptic oi

zodiac was divided by tho ancient astrouoincrs. Tlieso signs, begin-
ning at tho vernal equinox, aro

:

Libra, tho Dnlniice.

Senrpiu/i, tho Scorpion.

SagtltarvM, tho Archer.

Arte*, tho limn.

Taunm, the lUill.

Oeminl, tho Twins.
Cancer, the Crab.

IjCo, the Lion.

Virgo, tho Virgin.

Capricomm, tho Gloat.

Aquarim, tho Water-bearer.
Piacen, tho Fishes.

SolBtlcea {Htanding-poinis of the sun). Those points of tho ecliptic which
aro nioHt distant from tho equator, and through which the sun pas.ses

about Juno 'ilst and December 2l8t. So called because the snn, having
then attained its greatest declination, stops its motion in declination,
ami begins to return towards tho equator. Tho two solstices are desig-
nated as those of summer and winter respectively, tho first being in (>

hours and tho second in 18 hours of right ascension.

Sothlc Period. That in which the Egyptian year of 365 days correspond-
ed in succession to all tho seasons. The equinoctial year being supposed
to be 365i days, this pcrbd would bo 1461 years, but it is really longer,

Seo p. 47.

Speculum (a minor). Tho concave mirror of a reflecting telescope.

Stationary. Api)lied to those aspects of tho planets occurring between
tho periods of direct and retrograde motion when they appear for a short
time not to move relatively to tho stars.

Synodic. Applied to movements or periods relative to the sun. The
synodic movement of a planet is the amount by which its motion ex-

ceeds or falls short of that of tho earth round tho sun, while its synodic
period is tho time which elapses between two consoi utivo returns to

inferior or superior conjunction, or to opposition.

Syzygy. The points of tho moon's orbit in which it i ' cither nc^v moon or

full moon. Tho lino of the syzygies is that which passes through these

points, crossing tho orbit of tho moon.

Terminator. The bounding line between light and darkness on tho moon
or a planet.

S^rrinMt; (4 passing across). Tho passage of an object across some fixed line,

::.? tae ineridifin, for example, or between tho eye of an observer and an

a4>par«n'.:!y larger object beyond, so that tho nearer object appears on

tho face of tho more distant one. Applied especially to passages of Mer-
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iuess ou tho moon

cry ami Vonn. ov.r tho disk of tho sun, and of tho Hatcllites of Jumtcr
over tho disk of tho phmot.

'

irrepldation A nh.w .mcination of tho ecliptic, having a poriod of 7()00
years imagined by tho Arabian astrononuMH t<, account for the dinconl-
nnco in tho dctorn,inati.,n8 of tho procession of tljo e.ininoxes. In con-
8oq«eneo of this n.otion tho e.p.inox was supposed f. oscillaUv backward
«nd forward through a space of about twenty ,legrees. Tho trepidation
oonlinued to iiguro in astronomical tables until the end of tho sixteenth
contur.v, but it is now kn<.wn to liavo no foundation in fact

Umbra (a M>,r). That dark.^st part of tho shadow of an object whorono part of the luminous object can bo soon. Also, tho interior and dark-
est part of a sun-spot.

Vertical. Angle of. Tho small angle by which tho real direction of tho
earths centre from any point on its surface diaV-rs iron, that which is
directly downward, as indicated by the plumb-liue. It ari,s..s from tho
cl.ptic.ty of tho earth, vanishes at tlu> eqmitor and poles, and attains its
greatest value of about la' at tho latitude of 45".

Vorte^E (« whirlpool); pi. I'orticcs. Tho theory of vortices is that which
assumed tho heavenly bodies to bo carried round in a whirling fluid
See p. 72.

*»

Zenith. Tho point of tho celestial spbero which is directly ovorbead and
from which a plumb-liuo falls. The geocentric zenith is tho point in which
a straight line rising from tho centre of the earth intersects tho celestial
sphere. It is a little nearer tho ceh'stial equator than tho apparent or
astronomical zenith, owing to the (aiii)ticity of the earth. See Verticat
Angle of.

'

Zodiac. A belt encircling tho heavens on each side of tho ecliptic within
which tho larger planets always remain. Its breadth is generally con-
sidered to bo about sixteen degrees-eiglit degrees on each side the
ecliptic. In tho older astronomy it was divided up into twelve parts
called signs of the zodiac.

'
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Abbe, distribution of ihe uebulie 404
paralliix of Siriiis 641)

Aberration of light described 209
Acceleration of moon's motion 90
Adams determines moon's accelenitiou. 90

investigates motions of Uranus 3C8
Aerolites, descrij-'tion of 399, 401
Airy, his water telescope 212

density of the earth 40
Algol a variable star 43s
Apparition, ciicle of perpetual ]i
Argelander catalogues the stars 42c
Argils, I), a variable star 440
Aristarchua attempts to niea' ure the dis-
tance of the sun 22

Aaten, motion of Enclte's comet 394
Asteroids (see also Planets, small),. 320, 642
Astrolabe described 107, 65s
Astronomer Koyal, duties of i(j2

Attraction of a mountain 86
of small masses gj

Aurora, description ol. 309
height, nature, etc 310
periodicity of 256
spectrum of. ^\\

Auwers, motion of Sirius and Procyon.. 461

Baily determines density of earth 84
Baily^s beads explained 314
Barker, spectrum of Aurora 311
Bayer system of naming stars 42"
Bernoulli (J.) sustains theory of vortices. SO
Bessel, parallax of CI Cygiii 2O8
Black drop in transits of Venus isi

Its cause jtig

nianchini, his great telescope 114
rotation of Venus 297

Bode's law of planetary distances 237
Bond discovers satellite of Saturn 368

Intensity of moonlight 323
Investigates rings of Saturn 358

Books, list of, for reference 6B5

Bradley attacks stellar parallax 206
detects aberration of light 209

Brake (Tycho), his obs. and system C6
Briinnow, researches in stellar parallax. 210

Calendar, history, etc 44
Julian and Gregorian 49

Casnegrainian telescope 120
CasHini discovi^rs satellites of Saturn ... 360

theory of Saturn's rings 358
Cavendish, density of the earth 82
Cayley determines moon's acceleration. 98
Challis searches for Neptune 3C8
Chromosphere of tlie sua

"
262

its violent movements, etc 268
Chronograph described 157
Circles of the celestial sphere 149
Clark (Alvan), his telescopes 139

disco\ ors companion of Siriiis 140
Clusters of stars ^r^

Comet, great, of 1680 382
of 1682 (Ilalley's) 383
onS43 387
its near approach to sun. . 266
of 1858 (Donati's) 387

vievs of 370, 3a''

ofBiela 386,407
ofEncke 359

Comets, aspects of, etc 373
development 374
relations to meteors 402
motions 377
number 331
orbits of, their form 377
physical constitution of. 409
remarkable, description of. sc >

tails of, repelled by the sun 409
Constellations, antiquity of names 420

description of. 429
Copernicus founds modern astronomy. . 61

publishes his system 63
his system espl.iined 54
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Copernicus rej). eccentricity of orbits. ... CO
hiH distances of tlie planets CO
estimate of liiB woik ci

worli Qonileniiied by Inquisition 72
Cornu measures velocity of light 210, 218
Corona of tlie sun described 268

its probable nature 2C4
its spectrum 2C3

Cosmogony, tiie system of e03
Cycle, the JMctouic 48

Dean determ. transatlantic longitude... . 161
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KXPLANATION OP TIIK STAR MAIH.

Thksk ,„aps show all the stars to .tho iiitl. u.aynit,,.:,, inclnsivo hotw.M.u th,. „„rth pole and 40^ south .lecli„a.io„ th. n.Uldln of
^-.....li,., .o 30^ doelinatio,.. The, theret... i^l^'I^t: t^'l^:!;
••an he rea.l.Iy seen v.-itl> the naked eyo in o.u- latitndes, c.cent t u v^ vs.ual est. They are, t.r U.e n.ost part, ibanded ou lleL'^X cl2
inid the cataloj^v,io acconipaiiying it.

^(Keatii,

To reco.nuze tho constellatim.s ou tho .uaps, reference n.ay be had U,the desenpt.ous ou pp. 418-420. To lind what coustellutious arc on the'-nd,au at auy hour of auy day iu the year, it .ill he necessary to c'lH.Iate he sidereal tiino by tho precepts on p. 151 : the corresponding hon.
;>

n.h ascension ,s then to be sought around the u,ar,in of Mapl
1 ' to:, nud hot..::, of the other maps. Then, if Map I. be held vith

s ..ur upwards .t will show the exact position of the northern coustel-a ..s, ... ie on Maps Il.-V. it will show the position of the meridian.

hoHzon
""'^' '''*'"'^' *'^''"* ^'"'" *^" "•''"'^^ *" ^^^ «»"''

The several dates on the ecliptic show tho positions of the sun durin-.
Its apparent annual course as described in part i., chap, i., « 3, and evI'laiued on pp. 54, 55. Tho apparent path of the n.oon in 1877 i nuuk.'l
out, in order to illustrate ^ 6, p. 21.

"'-iikki

To illustir.te precession, the position of the equator 2000 years a-^o i-

ua.ked on the sides of Maps II.-V. For tho same object the cirel,;

in 2.>.0(in years is shown on Map I.

The su.,11 circles marked here and there on the maps show the position-of the luore remarkable nebula, and star clusters, a list of which is givej
Ml No. III. ot the Api»eudix.
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Cloth, $14 00; Sheep or Roan, $15 00; Half Calf, $18 00.

LOSSING'S FIELD-BOOK OF THE WAR OF 1812. Pictorial
Field-Book of the War of 1812; or, Illiisiraiions l)y Pen and Pencil
of the History, Biogrophy, Scenery, Relics, and Traditions of the
last War for American Independence. By Bknson J. Lossino.
With several hundred Engravings. 1088 jjagcs, 8vo, Cloth, $7 00;
Slieep or Roan, $8 50; Half Calf, $10 00.

MiJLLERS POLITICAL HISTORY OF RECENT TIMES (1816-
1875). With Special Reference to Germany. By William MDl-
LEK. Translated, with an Appendix covering tlie Period from 1870
to 1881, by the Rev. John P. Peteks, Ph.D. 12nio, Cloth, $3 00.

STANLEY'S THROUGH THE DARK CONTINENT. Through
the Dark Continent

; or, The Sources of the Nile, Around the Great
Lakes of Equatorial Africa, and Down the Livingstone River to the
Atlantic Ocean. 149 Illustrations and 10 Maps. Bv H. M. Stan-
ley. 2 vols., 8vo, Cloth, $10 00; Sheep, $12 00; ilalf Morocco,
$15 00.

STANLEY'S CONGO. The Congo and the Founding of its Free
State, a Story of Work and Exploration. With over One Hundred
Full-page and smaller Illustrations, Two Large Maps, and several
smaller ones. By H. M. Stanley. 2 vols., 8vo, Cloth, $10 00;
Sheep, $12 00; Half Morocco, $15 00.

GREEN'S ENGLISH PEOPLE. History of the English People.
By John Richard GuEEN, M. A. With Maps. 4 vols., 8vo, Cloth,
$10 00; Sheep, $12 00; Half Calf, $19 00.

GREEN'S MAKING OF ENGLAND.
By John RiciiAiiD Green. With Maps.
$3 00 ; Half Calf, $3 75.

GREEN'S CONQUEST OF ENGLAND.
By John Richard Green, With Maps.
$3 00; Half Calf, $3 75.

The Making of England.

8vo, Cloth, $2 50 ; Sheep,

The Conquest of England.

8vo, Cloth, $2 50 ; Shee{^



Valuable irorka for Public and I'livate Libraiiea.

ENGLISH MEN OF LETTEHS. KJitcI l.y J„„v Moulky.
Tlio following volumes nro now leady. Others will follow:

JoiiNHov. lly I,. Stoi,lion.-(!iniio.v. Dy J. C. Morison.-ScoTT. Ily 11 H H.il
ton.-S.iBU.Ev. Ily .1. A. Syiii(m.l.s._(!(n.D«MiTit. Ity W. Illuck.-IIiMK Hv I'l.,

r.7w ".!'*'T"T"- "^ ^^- •^""" ->"«N«- I'y ITinnpal Sh,urp.-S..«NHK,..
y U W. (.liunh-TirArKKUAV. Ily A. Troll,,,,,.. -d.ukk. Ily J, Mcrlry.-MiMov

lly M. uUI,s.,n,-S„rT..H:Y. Hy K. I>o«-,lou._Cu.vi ,«.., Ily A W. Wanl. -II. ny vnHyJ A I-roii.lo.-CowPKii. Hy (i. Hmlth._l.„,K. lly I„ Slopl,,.,, -IIyi.ov Ity
J. NiuliolH._I,(,cKK. Hy T. KowliT.-WouuMWOKTn. Hy K W H .MytT^-lUw
TiiOHNK. Hy Henry Jaii.eH, Jr.-i)KVOKN. Hy (;. Sainl,sl,iiry.-l,AM,r,u JJy s Col
vli..-I)K QiiNCKY. Hy n. Ma«8..n._UMn. Hy A, Ali,«(.r-l)K.vrr.KV. lly It C
.lebh.-DnKKNH. HyA.\V,\Vanl.-<i„AY. Ily K.W. (iossc-Sw.rT. Hy I, Slrplion
-Stkknk. lly H. 1). Traill.- Macailav. Ily J. C. M(,rl«.,n.-l.-.K.,.,i.x(i. Uy A Dol,"
Hon._SiiKKir,A.v. Hy Mrs. 01ii,liant._Ai,.,i.s(,N. Hv W. J. (•(,uitl,..p.. _Hv,„«, Hy
K. W. (•l.iireli.-Coi.Ki.imjK. Hy 11. I). Tniill.-Siit I'n.Mr Sii.miv. |iy j a Sv'-
moiiilH.-KKArH. Hy Sidiioy Colviii. I'^mo, Cloth, 73 cenu per voliimo. ' '

I'OI'll.AR llrilTlON, ;l(> VolUlllOH III 12, $Vi 00.

.. ;nEKS HISTORY OF ANCIENT ART. History of Ancient Art.
Hy Dr. Fuanz von Keuek. Revised \>y the Author. Trnnslated
imd Augmented hy Joseph Thiicher Clarke. With 310 Ilhistnuions
and a Glossary of Technical Terms. 8vo, Cloth, $3 50.

REHER'S ME1)I^.VAL ART. HLsfory of Mediteval Art. By Dr.
Fkanz von Rkhkh. Tninslntcd and Angmented hy Josoi.h Timelier
Clarke. With 422 Illustrations, and a Glossary of Technical Terms
8vo, Cloth, $,'> 00.

NEWCOMB'S ASTRONOMY. Popular Astrcomv. IJy s.mon
Newcomh, LL.D. With 112 Engravings, and 5 Mn'ps of the Stars.
8vo, Cloth, 12 oO; School Edition, 12mo, Cloth, ,f I 30.

DAVIS'S INTERNATIOxNAL LAW. Outlines of International Law,
with an Account of its Origin and Sources, and of its Historical De'
velopment. By Gko. B. Davis, U.S.A., Assistant Professor of Law
at the United States Military Academy. Crown 8vo, Cloth, $2 00.

CESNOLA'S CYPRUS. Cyprus : its Ancient Cities, Tomhs, and
Temples. A Narrative of Researches and Excavations during Ten
Years' Residence in that Isfand. By L. P. di Cksnola. With
Portrait, Maps, and 400 Illustrations. 8vo, Cloth, E.\tra, Uncut
Edges and Gilt Tops, |7 50; Half Calf, $10 00.

TENNYSON-S COMPLETE POEMS. The Complete Poetical Works
of Alfred, Lor<l Tennyson. With an Introductory Sketch by Anne
Thackeray Ritchie. With Portraits and Illustrations. 8vo, Extra
Clot*, Bevelled, Gilt Edges, $2 oO.

LEA'S HISTORY OF THE INQUISITION. History of the Inqui-
sition of the Middle Ages. By Hunkt Charles Lea. Three Vol-
umes. 8vo, Cloth, Uncut Edges and Gilt Tops, $3 00 per •• lume.



Valuable JVorkt for Puhlia and Private LtbraHet.

;>,(.

I 1/.

U
l!

I'i vols., 12mo, Cloth, $18 OOj
GUOTKM IlISTOHY OF GIIEICCE.

Sliot'j., $'22 HO; Half Calf, !ji;)!) 00.

FLAMMAKIONS ATMO.SPHEUE. Trnnslntod from the French
of Camili,k Fr.AMMAHi(>M. With 10 Chromo-LithoKraphs and 80
Wood-cuts. 8vo, Cloth, f 00 ; Half Culf, $8 25.

UAKEUS LSMAILIA: n N.iMativc of the Expedition to Central Af-
rica for the SSiiiipression of tlic Slave-trade, orRanizcd by Ismail
Khedive of Egyi.t. liy iSir Samuki, W. Uakkk. Witli Maj.s, I'or-
trnlts, and Illustrations. 8vo, Cloth, $.> 00; Half Calf, $7 L'5.'

LIVINGSTONE'S ZAMHESI. Narrative of an Expedition to the
Zaniliesi and its Tributaries, nn.l of the Discovery of tlie Lakes
Shirvvtt nnd Nyassa, 18r.8 to 18(i4. liy David and Chaui.es Livino-
8TONK. Iird. 8vo, Cloth, $3 00 ; Sheep, $5 50 ; Half Calf, $7 25.

LIVINGSTONE'S LAST JOUUNALS. The Last Journals of Da-
vid Livingstone, in Central Africa, from I8G5 to his Death. Con-
tinned by a Narrative of his Last Moments, oh^iined from his
Faitiiful Servants Chuma nnd Susi. IJy IIorack Wai-lku. With
Portrait, Maps, nnd Illustrations. 8vo, Cloth, .f5 00; Slice]), $0 00.

CIIAUNAYS ANCIENT CITIES OF THE NEW WOULD. The
Ancient Cities of the New World: Being Voyages nnd E.xplorations
in Mexico and Ccntial America, from 1857 to 1883. By DiisiuK!
Ciiaunav. Translated by J. Goni.no nnd Helen S. Conant. Illus-
trations and Map. Uoyal 8vo, Orimmental Cloth, Uncnt Ediies Gilt
Tops, $G 00.

'

" THE FKIENDLY EDITION " of Shakespeare's Works. Edited by
W. J. RoLFE. In 20 vols. Ilhistratcd. l«mo, Gilt Tops and Un-
cut Edges, Sheets, f27 00 ; Cloth, $30 00 ; Half Calf, $(iO 00 per Set.

GIESELER'S ECCLESIASTICAL HISTOUY. A Text-Book of
Church History. By Dr. John C. L. Gieseleii. Translated from
the Fourth Revised German Edition. Revised nnd Edited by Rev
Hknuv B. Smith, D.D. Vols. I., II., IH., and IV., Svo, Cloth',
$'2 25 each; Vol. V., Svo, Cloih, $3 00. Complete Sets, 5 vols

,

Sheep, $U 50; Half Calf, $23 25.

CURTIS'S LIFE OF BUCHANAN. Life of James Bnchnnnn, Fif-
teenth President of the United States, By Gkouge Ticknou Cuu-
Tis. With Two Steel Plate Portraits. 2 vols., Svo, Cloth, Uncut
Edges and Gilt Tops, $6 00.

COLERIDGE'S WORKS. The Complete Works of Samuel Taylor
Coleridge. With an Introductory Essay upon his Philosophical and
Theological Opinions. Edited by P.ofessor W. G. T. Siiedd. With
Steel Portrait, nnd an Index. 7 vols., ]2mo, Cloth, $2 00 per vol-
ume

; $12 00 per set; Half Calf, $24 25.



faluabh llorka for rublio and rrivate Libraries.

GUIFFIS'S JAl'AN. The Mikn.lo', Kmpiro : Book [. History of
Japan, fron. 6G0 U.C. to 1872 A.I). IJ„„k II. rei-8<.nal Experiences,
ObstTvntions, nnd Studies in Japnn, fn.in 1870 tu 1874. With Tw«
SiippUMiientmy C'hiipters: .lapmi in I88;«, ami Jaimn in ISSC. By
W. E.Guirris. Copiously Illustrated. 8vo,Cloth,#4 00; Half Calf,
$6 25.

SMILKS'S IIISTOUY OV THE HUGUENOTS. The HuKuenots:
their Scttlenicntb, Churches, and Industries in England and Ireland.
By Samukl SMII.K9. With an Appen.iix relating to the Hnguonott
in America. Crown, 8vo, Cloth, f2 00.

SMILES'S HUGUENOTS AFTER THE UEVOCATION. The Hu-
guenots in France after the Revocation of the Edict of Nantes ; with
a Visit to the Country of the Vaudois. lly Samdel Smiles. Crown
8vo, Cloth, $2 00.

SMILES'S LIFE OF THE STEPIIENSONS. The Life of George
Stephenson, and of his Son, Robert Stephenson

; comjirising, also, a
History of the Invention and Introduction of the Railway Locomo-
tive. By Samukl Smiles. Illugtratcd. 8vo, Cloth, |3 00.

THE POETS AND POETRY OF SCOl'LAND: From the Earliest
to the Present Time. Comprising Ciiaracteristic Selections from
the AVorks of the more Noteworthy Scottish Poets, with Biographi-
cal and Critical Notices. By James Gkant Wilsom. With Por-
traits on Steel. 2 vols., 8vo, Cloth, $10 00; Gilt Edges, $11 00.

SCHLIEMANN'S ILIOS. Ilios, the City and Country of the Trojans.
A Niinative of the Most Recent Discoveries and Kesearches made
on the Plain of Troy. By Dr. Henry Schliemann. Maps, Plans,
nnd Illustrations. Imperial 8vo, Illuminated Cloth, $12 00; Half
Morocco, $15 00.

SCHLIEMANN'S TROJA. Troja. Results of the Latest Researches
nnd Discoveries on the Site of Homer's Troy, and in the Heroic Tu-
muli and other Sites, made in the Year 1882, and a Narrative of a
Journey in the Troad in 1881. By Dr. IIknuy Sciiliicmann. Pref-
ace by Professor A. II. Snyce. With Wood-cuts, Maps, and Plans.
8vo, Cloth, $7 50; Half Morocco, OlO 00.

SCHWEINFURTHS HEART OF AFRICA. Three Years' Travels
and Adventures in the Unexplored Regions of the Centre of Africa—
from 18C8 to 1871. By Georo Scuweinfdrtu. Translated by
Ellen E. Frewer. Illustrated. 2 vols., 8vo, Cloth, $8 00.

NORTON'S STUDIES OF CHURCH-BUILDING. Historical Stud-
188 of Church-Building in the Middle Ages. Venice, Siena, Flor-
ence. By Charles Eliot Norton. 8vo, Cloth, $3 00.



8 Valuable TVorh for Public and Private Libraries.

THE VOYAGE OF THE "CHALLENGER." The Atlantic- an
Account of the General Results of the Vovage during 1873 and the
Early Part of 187«. By Sir Wyvii.li: Thomson, K.C.u' FRS
Illustrated. 2 vols., 8vo, Cloth, $12 00.

THE STUDENT'S SERIES. Maps and Illustrations. 12mo, Cloth :

France.—Gibbon.—GuEiccE.—Rome (bv Liddell) —Om TksTAMKNT HlSTOnT.-NEW TkSTAMKNT HiSTOKY. - STR.CKLANii 8(^UEKNB OF England.— Ancient History ok the East —HalLAM'S Middle Ages. - Hallam's Constitutional History ofEngland.- Lyell's Elements or Geology.- Merivales Gen-KHAL History of Rome. -Cox's Genkral History of Grefcf
-Classical Dictionary.-Skeats Etymological Dictionary -
Kawlinson's Ancient History. $1 2'. per volume.

Lewis's History of Germany.-Ecclesiastical History, TwoVols.-HtME 8 England.-Modern Euhoi-e. $1 50 per volume
Westcott and Hout's Greek Testament, $1 00.

THOMSON'S SOUTHERN PALESTINE AND JERUSALEM
Southern Palestine and Jerusalem. BiMical Illustrations drawn
from the Manners and Customs, the Scenes and Scenery, of the
Holy Land. By W. M. Thomson, D.D. 140 Illustrations and
Mai.8. Square 8vo, Cloth, $6 00; Sheep, $7 00; Half Morocro
f8 60 ; Full Morocco, Gilt Edges, #10 00.

'

THOMSON'S CENTRAL PALESTINE AND PHCENICIA Cen
tral Palestine and Phoenicia. Biblical Illustrations drawn from the
Manners and Customs, tho Scenes and Scenerv, of the Holv Land
By W. M. Thomson, D.D. 130 Illustratioirs and Maps. Snume 8vo
Cloth, $6 00; Sheep, f7 00; Half Morocco, $8 50; Full Morocco,'

THOMSON'S LEBANON, DAMASCUS, AND BEYOND JORDAN
Lebanon, Damascus, and beyond Jordan. Biblical Illustrations drawn
from the Manners and Customs, the Scenes and Scenerv, of the Holv
Land. By W. M. Thomson, D.D. U7 Illustration's and Maps'
Square 8vo, Cloth, $6 00; Sheep, f7 00; Half Morocco, $8 »0-
Full Morocco, $10 00.

Popular Edition of the above three volumes, 8vo, Ornamental Cloth
f9 00 j)er 3et.

CYCLOPAEDIA OF BRITISH AND AMERICAN POETRY. Ed-
ited by Epes Sargent. Royal 8vo, Illuminated Cloth, Colored
Edges, 14 60; Half Leather, |5 00.

LOIXiE'S ENGLISH COLONIES IN AMERICA. A Short Historv
of the l^,glish Colonies in America. By Henry Caeot Lodgk.
A^ itl, Colored Map. fivn, H:.lf Leather, $3 00.



Valuable H'orka for Publie and Private Libraries. 9

CAMERON'S ACROSS AFRICA. Across Africa. By Vernioy J.ov-
ETT CA.MEUON. Map and Illustrations. 8vo, Cloth, $5 00.

CARLYLEVS FREDERICK THE GREAT. History of Friedrich
II., called Frederick the Great. By Thomas Carlt'le. Portraits,
Maps, rians, &c. 6 vols., 12ino, Cloth, $7 60; Sl.eep, $9 90; Halt-
Calf, S18 00.

CARLYLES FRENCH REVOLUTION. The French Revolution:
a History. By Thomas Caulyle. 2 vols., 12rao, Cloth, $2 50-
Sheep, $2 90 ; Half Calf, $i 2r,.

CARLYLES OLIVER CROMWELL. Oliver Cromwell's Letters
and Speeches, including the Supplement to the First Edition. With
Elucidations. By Thomas Caulylk. 2 vols., l2mo. Cloth, $2 50 •

Sheep, 12' 90; Half Calf, U 25.

PAST AND PRESENT, CHARTISM, AND SARTOR RESARTUS.
By Thojias Carlyle. 12mo, Cloth, $1 25.

EARLY KINGS OF NORWAY, AND THE PORTRAITS OFJOHN
KNOX. By Thomas Caklyli;. 12uio, Cloth, |l 25.

REMINISCENCES BY THOMAS CARLYLE. Edited by J. A.
FuouDE. 12mo, Cloth, with Copious Index, and with Tliirtecn Por-
traits, 50 cents.

FROUDE'S LIFE OF THOMAS CARLYLE. Part I. A History
of the First Forty Years of Carlyle'.s Life (1795-1835). By James
Anthony Froudk, M.A. With Portraits and Illustrations. 2 vol-
umes iu one, 12mo, Cloth, $1 00.

Part II. A History of Carlyie's Life iu London (1834-1881 ). By
Jamics Anthony FKoyuE. lUu.strated. 2 volumes in one. T'luo
Cloth, f I on.

M'CARTHY'S HISTORY OF ENGLAND. A History of Our Own
Times, from the Accession of Queen Victoria to the General Elec-
tion of 1880. By JosTiN M'Carthy. 2 vols., 12mo, Cloth. $2 50
HalfCalf, f6 00.

M'CARTHY'S SHORT HISTORY OF OUR OWN TIMES A
Short History of Our Own Times, from the Accession of Queen Vic-
toria to the General Election of 1880. Bv Jcstin M'Carthy, M P
I2mo, Cloth, $1 .-50.

M'CARTHY'S HISTORY OF THE FOUR GEORGES. A History
of the Four Georges. By Justin M'Carthy, M.P. Vol. I. I2mo,
Cloth, fl 25. (To be completed in Four Volumes.)
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10 Valuable Works for Public and Private Libraries.

ABBOTT'S mSTOUY OF THE FUENCII REVOLUTION. The
French lievoluiion of 17HJ), as viewed in tho Light of Kepuhliciin
Institutions. By John S. C. Auhott. Illustrated. 8vo, Cloth
$5 00; Sheep, $r, r.O ; Half Calf, $7 25.

'

ABBOTT'S NAPOLEON. The History of Napoleon Bonaparte.
By John S. C. Aiuiorr. Maps, Illustrations, and Portraits. 2
vols., 8vo, Cloth, $10 00; Sheep, $11 00; Half Calf, $14 50.

ABBOTT'S NAPOLEON AT ST. HELENA. Napoleon at St.
Hch-na; or, Anecdotes imd Conversations of the Emperor duriuR
the Years of his Captivity. Collected from tho Memorials of Las
Casas, O'Meara, Montholon, Aniominarchi, and others. By John
S. C. AiiHOTT. Illustrated. 8vo, Cloth, $5 00 ; Sheep, $5 50 ; Half
Calf, $7 25.

ABBOTTS FREDERICK THE GREAT. The History of Frederick
tho Second, called Frederick the Great. By John S. C. Abuott.
Illustrated. 8vo, Cloth, $5 00; Half Calf, $7 25.

TROLLOPE'S AUTOBIC GRAPIIY. An Antol.iography. By An-
thony Trollope. With a Portrait. 12mo, Cloth, $1 25.

TROLLOPE'S CICERO. Life of Cicero. By Anthony Tbollopb.
2 Vols., 12mo, Cloth, $3 00.

FOLK-LORE OF SHAKESPEARE. By the Rev. T. F. Thiselton
Dyek, M.A., 0.\on. 8vo, Cloth, $2 50.

WATSON'S MARCUS AUHELIUS ANTONINUS. Marcus Anrcli-
iis Antoninus. By Paul Barron V/atson. Crown 8vo Cloth
$2 50.

'

THOMSON'S THE GREAT ARGUMENT. Tho Great Argument

;

or, Jesus Christ in the OKI Testament. Bv W. II. Thojisox, M.A.i
M.D. Crown 8vo, Cloth, |2 00.

HUDSON'S HISTORY OF JOURNALIS.M. Journalism in the United
States, from 1C90 to 1872. Bv Fhedkkic Hudson. 8vo, Cloth
$5 00; Half Calf, $7 25.

SHELDON'S HISTORY OF CHRISTIAN DOCTRINE. History
of Christian D,)ctrino. By H. C. Sheldon, Professor of Church His-
tory in Boston University. 2 vols., 8vo, Cloth, |3 50 per set.

DEXTER'S CONGREGATIONALISM. The Congregationalism of
the Last Three Hundred Y'ears, as Seen in its Literature: with
Special Reference to certain Recondite, Neglected, or Disputed
Passages. With a Bibliogrnphical Appendix. By H. M. Dextek.
Large 8vo, Cloth, $G 00.



Valuable Worka for Public and Private Libraries. u

t Thollopb,

. TmSELTON

SYMONDS'S SKETCHES AND STUDIES IN SOUTIIEKN EU-
liOVh. By John Addington Symonls. 2 vols., Sdiiaio l«ino
Cloth, $4 00; Half Calf, $7 fiO.

' ^
'

SYMONDS'S GREEK POETS. Studies of the Greek Tocts By

nrcairrr
^'"'*'"''"

'
''''•' "^"^^ '"""' '''°^''' ^^ ^^^

MAIIAFFYS GREEK LITERATURE. A History of Classical
Greek Literature. By J. P. Mauaffy. 2 vols 12mo rinthU 00; Half Calf, $7 oO.

' °' ^^°'^'

m CriAILLU-S ASIIANGO LAND. A Journey to Ashango Land,and Inirther Penetration into Equatorial Africa. Bv Pait BDn Chaillu. Illustrated. 8vo, Cloth, $r> 00 ; Half Calf, .$7 25.

'

SIMCOX'S LATIN LITERATURE. A Hi.ory of Latin Literatu.e.
from Enn.us to Boethius. By Geouge Augustus Simco.x, M A 2
vols., I2ino,Cloth, f4 00.

.
• • *

BARIXETT-S FROM EGYPT TO PALESTINE. Through Sinai,
the \V.lderness, and the South Country. Observations of a Journeymade wuh Special Reference to the Historv of the Israelite. By
S. C. Bautlett, D.D. Maps and Illustrations. 8vo, Cloth, $3 50.

KINGLAKE'S CRIMEAN WAR. The Invasion of the Crimea : its
OrtRin, and an Account of its Progress down to the Death of Lord
RaRlnn. By Ale.xandee William K.nglake. With Maps and
I iims. l<our Volumes now ready. 12mo, Cloth, $2 00 per vol.

NEWCOMB-S POLITICAL ECONOMY. Principles of Political
.onon.y. By Simon Nkwco.mh, LL.D., Professor of Mathenuuics,US. Navy, Professor in the Johns Hopkins University, pp xvi

548. 8vo, Cloth, $2 50. ^ '

'

'

SHAKSPEARE. The Dramatic Works of Shnkspeare. With Notes

5"^™'rL ^ '*'''•' '^'""' ^'°"'' ^^ '"' 2 vols., 8vo, Cloth. 14 00 i

bheep, $5 00 In one vol., 8vo, Sheep, $4 00.

GENERAL BEAUREGARD'S MILITARY OPERATIONS The
Mihtary Operations of General Beauregard in the War Between the
States, I8G1 to I8G5; including a brief Personal Sketch, and a Nar-
rative of h.s Services in the War with Mexico, 184G to 1848 BrAlfuko RO.MAN, formerly Aide-de-Can.p on the Stall' of General

a9mr'T ir m""'" "^"V"'
^" ' ^"'^•' ''"^ C'""'^ '^7 00

;

Sheep,

J9
00; Half Morocco, .$11 GO; Full Morocco, f 15 00. ^Sold onlo

by Huhsc.ripltoH.) - ^ a



12 Valuable H'orka for Public and Primle Lihiaries.

NORDIIOFFS COMMUNISTIC SOCIETIES OF THE UNITED
STATES. The Commuiiisiic Societies of tlie United States, fioiii
Personal Visit mul Ol.servation

; including Detailed Accounts 'of the
Economists, Zourites, Shakers, the Amnna, Oneida, Bethel, Aurora,
Icarian, and other existing Societies. By Cuahles Nobdhofk. Il-
lustrations. 8vo, Cloth, $i 00.

BOSWELL'S JOMNS;ON. The Life of Samuel Johnson, LL.D., in-
cluding a Jonniiil of a Tour to the Hebrides. By Jamks Boswki.i,
Edited by J. W. Crokeu, LL.D., F.R.S. With a Portrait of B..>"
well. 2 vols., 8vo, Clotii, ^i 00; Sheep, $5 00.

BROUGHAM'S AUTOBIOGRAPHY. Life and Times of Henrv,
Lord Brougham. Written by Himself. 3 vols., 12mo, Clotii, $e Oo!

BOURNES LOCKE. The Life of John Locke.
' BouKNE. 2 vols., Gvo, Cloth, $5 00.

By H. R. Fo.x

BARTH'S NORTH AND CENTRAL AFRICA. Travels and Dis-
coveries in North and Central Africa : being a Journal of an Expe-
dition undertaken under the Auspices of II.B.M.'s Government, in
the Years 1849-1855. By Henry Bauth, Ph.D., D.C.L. Illus-

trated. 3 vols, Svo, Cloth, $12 00.

BULWER'S LIFE AND LETTERS. Life, Letters, and Liternry
Remains of Edward Bulwer, Lord Lytton. By his Son, the Eakl
OF Lytton(" Owen Meredith"). Volume L Illustrated. ]2mo
Cloth, |2 75.

'

BULWER'S HORACE. The Odes and Epodes of Horace. A Met-
rical Translation into English. With Introduction and Commen-
taries. With Latin Text from the Editions of Orelli, Macleane, and
Yonge. 12mo, Cloth, $1 75.

BULWER'S MISCELLANEOUS WORKS. Miscellaneous Pro.se
Works of Edward Buluer, Lord Lytton. In Two Volumes. 12mo,
Cloth, $3 50.

FERRY'S HISTORY OF THE CHURCH OF ENGLAND. A
HiMory of the English Church, from the Accession of Henry VIII.
to the Silencing of Convocation. By G. G. Perry, M.A. With a
Sketch of the History of tiie Protestant Episcopal Church in the
United States, by J. A. Spencer, S.T.D. Crown 8vo, Cloth, $2 50.

FORSTER'S LIFE OF DEAN SWIFT. The Early Life of Jona-
than Swift (1667-1711). By John FoB3Ti:u. With Portrait. 8vo,
Cloth, Uncut Edges and Gilt Tops, $2 CO.

^M
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Map II.- Southern Constellations Hsible in Au



Jonstellations Bsible in Autumn and Winter.



Map I.-The Northern Coustellat ions within 50'



rtlisru Constellat io'as within 50" of the Pole.



Map III.—Southern Constellations visible in W



em Constellations vAible in Winter and Spring.



Map IV.—Southern Constellations vi«ible in



:n Constellations vi«ible in Spring and Summer.



Map V.-Southern Constellations vii iible in
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